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1.  INTRODUCTION 
1.1 Background 
. 
The Stratospheric Aerosol Measurements I1 (SAM 11 and Stratospheric 
Aerosol and Gas Experiment I (SAGE I) satellite experiments are respectively 
the second and third in a series of satellite-borne solar radiometers 
designed to monitor the concentration of aerosols and trace gases in the 
stratosphere. Various other in situ and remote sensing methods have also 
been -developed to measure the concentration and variation of stratospheric 
constituents . Except for airborne systems, these other systems provide data 
at specific latitudes and longitudes only, and satellite measurements have 
made available, for the first time, information on a global scale. 
The objective of the SAM I1 experiment was to obtain vertical profiles 
of the stratospheric aerosol with a vertical resolution of 1 km over the 
latitudinal range obtainable f o r  solar occultation observations from the 
Nimbus-7 solar orbit, approximately 6 4 O - 8 O 0 N  and 64O-8OoS.  These profiles 
were to be used to study the longitudinal and temporal variations in aerosol 
concentrations. The SAGE I experiment, in addition to measuring 
stratospheric aerosols, also measured the concentration of ozone and nitrogen 
dioxide. In contrast to SAM 11, the latitudinal coverage of SAGE I extended 
from about 7Z0N to 72's (some seasonal variation occurred within these 
latitude limits). Taken together, the satellites provide almost global 
coverage for the stratospheric aerosol, enabling phenomena such as volcanic 
injection and seasonal variations to be studied in detail. 
1 
The ultimate objective of the SAM 11 and SAGE I experiments lies in the use 
of the data to further our knowledge of the processes taking place in the 
stratosphere. Before this can be done, these data must be validated. In 
this process, the data are compared with preexisting models of stratospheric 
aerosols and gaseous constituents, as well as compared with correlative data 
sets, many of which are obtained from specifically designed correlative 
measurement series. The statistical nature of the data has to be examined 
for internal consistency and where SAM 11 and SAGE I independently make 
measurements at approximately the same time and location these should be 
intercompared. In this report, we describe the results of part of this 
validation process in which the data have been used to study a variety of 
physical, dynamical and chemical processes in the stratosphere. In the 
course of this study, which has yielded a quantity of new scientific 
information, the data have been carefully screened and compared with relevant 
models and data sets. 
1.2 SAM I1 and SAGE I Satellite Measurements 
The SAM 11 and SAGE I satellite sensors both consist of sun photometers 
designed to measure atmospheric extinction in certain wavelength pass bands 
during satellite sunrise and sunset (McCormick et al., 1979). SAM I1 has a 
single pass band centered at 1.0 pm where gaseous absorption is negligible, 
designed to measure extinction due to atmospheric molecular and aerosol 
scattering and absorption. The molecular component of the extinction is 
removed during data processing providing just that due to aerosols. SAGE I 
has four channels, including two centered at 1.0 and 0.45 pm, designated for 
aerosol measurement. The other two channels are at wavelengths of 0.60 pm 
for the measurement of ozone and 0.385 pm for the measurement of nitrogen 
dioxide, respectively. 
, 
ei. The SAM I1 ins t rument  is mounted, a long  wi th  o t h e r  s e n s o r s ,  on board t h e  
Nimbus 7 sa t e l l i t e .  The o r b i t  of t h i s  sa te l l i t e  is  such  t h a t  approximate ly  
14 s u n r i s e  and 14 sunse t  e v e n t s  are observed i n  one day. The o r b i t  is a h igh  
noon, sun-synchronous one w i t h  a l l  s u n r i s e s  occur r ing  i n  t h e  A n t a r c t i c  r e g i o n  
and a l l  s u n s e t s  i n  t h e  Arctic region. The exac t  l a t i t u d e  of t h e  o b s e r v a t i o n s  
v a r i e s  s lowly  w i t h  season  between about 64' and 80°, s u c c e s s i v e  e v e n t s  on t h e  
same day be ing  sepa ra t ed  by about 26' i n  l ong i tude .  Nimbus 7 was launched 
c 
October 24, 1978, and cont inuous  SAM I1 measurements have been made s i n c e  
then  and t h e  p re sen t  d a t e .  This  r epor t  i n c l u d e s  ana lyses  c a r r i e d  ou t  on t h e  
d a t a  f o r  t h e  per iod  October 1978 t o  February 1983. SAGE I was launched 
February  18, 1979, on a ded ica t ed  AEM-B (App l i ca t ion  Explorer Mission B )  
s p a c e c r a f t  i n t o  a non-sun synchronous o r b i t  w i th  an  i n c l i n a t i o n  of 5'. 
Success ive  e v e n t s  on t h e  same day a r e  s e p a r a t e d  by about 24 i n  l o n g i t u d e ,  
and t h e  p o i n t  of measurement changes s lowly  i n  l a t i t u d e  between about 60 N 
and 60's ( t h e  v a l u e  of l a t i t u d e  extreme depends upon t i m e  of yea r  and can be 
as much as 72'N and 72's) t ak ing  4-6 weeks t o  complete a cyc le .  A s  w i th  SAM 
0 
0 
11, SAGE I i n i t i a l l y  made observa t ions  a t  both  s u n r i s e  and s u n s e t ,  a t o t a l  of 
30 e v e n t s  per  day. Par t ia l  f a i l u r e  of t h e  s p a c e c r a f t  power subsystem reduced 
t h i s  t o  s u n s e t  e v e n t s  on ly ,  about 5 months a f t e r  launch. Sunset e v e n t s  
cont inued  t o  be recorded u n t i l  f i n a l  f a i l u r e  of t h e  s a t e l l i t e  power 
subsystem, about 34 months a f t e r  launch. 
A s  one of t h e s e  s a t e l l i t e s  approach t h e  shadow s i d e  of t h e  e a r t h  
( s p a c e c r a f t  s u n s e t ) ,  t h e  s o l a r  r a d i a t i o n  reaching  i t  passes through 
s u c c e s s i v e l y  lower l e v e l s  i n  t h e  atmosphere. During t h i s  p e r i o d ,  t h e  
rad iometer  l ocks  onto  t h e  sun  i n  azimuth and scans  v e r t i c a l l y  a c r o s s  t h e  
s o l a r  d i sk .  I n  t h e  course  of a s u n r i s e  or s u n s e t  e v e n t ,  measurements 
cove r ing  t h e  whole s t r a t o s p h e r e  w i l l  be made w i t h i n  a pe r iod  of 20-30 second 
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during which time the sun will be scanned approximately 10 times. The 
atmospheric attenuation is measured along an optical path approximately 300 
km in length through the atmosphere with an instantaneous 0.5 km field of 
I view. The data are then inverted to obtain the equivalent vertical 
I extinction at each of the radiometer wavelengths (Chu and McCormick, 1979) .  
In this inversion procedure, the assumption of horizontal homogeneity of the 
atmospheric constituents is made. In the case of SAGE I, it is necessary to 
separate the contributions to the slant path extinction from each species, as 
well as that due to the molecular atmosphere at each of the four wavelength 
bands. Following this step, the individual vertical profiles for each 
species may be obtained. Separation of contributions from each species 
increases the uncertainties in the data product. An estimate of this 
uncertainty is made along with the inversion and forms part of the final data 
set 
I 
A significant part of the total post-launch data validation process is 
the operation of field experiments in which correlative data are collected on 
the aerosols and gaseous constituents. These measurements have been made 
from both ground based and high altitude platforms. The former includes 
lidar measurements of the stratosphere aerosol; the latter includes balloon 
and aircraft, in situ particle counters and lidar, rocket and balloon-borne 
ozone measurements and balloon-borne nitrogen dioxide measurements. In the 
present study, the emphasis has been less on the study of individual 
correlative measurements than of the overall data set characteristics. A 
major portion of the entire SAGE I and SAM I1 data sets have been scanned and 
used to create user-oriented data products. These have included visual 
displays, reference publications and data listings. In addition, the data 
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h a s  been used f o r  g l o b a l  a n a l y s e s ,  modeling and r e l a t e d  t h e o r e t i c a l  s t u d i e s ,  
as w e l l  as comparison wi th  o t h e r  long-term d a t a  sets. A l l  of t h e s e  p rocesses  
have provided in fo rma t ion  on t h e  i n t e r n a l  d a t a  q u a l i t y ,  i n d i v i d u a l  e r r o r s  and 
r e l a t i o n s h i p  t o  o t h e r  d a t a  sets, as w e l l  as unique new in fo rma t ion  on 
s t r a t o s p h e r i c  behavior.  
1.3 Tasks and Organiza t ion  of Report 
The Statement of Work, f o r  t h i s  c o n t r a c t  (NASl-17032), s p e c i f i e s  e i g h t  
t a s k  areas. Work has  been c a r r i e d  o u t  under each of these areas and t h i s  
work is r e p o r t e d  i n  sequence i n  Sec t ions  2 through 7 of t h i s  r e p o r t .  The 
t i t l e  g iven  t o  each main s e c t i o n  is t h e  same as t h e  work s t a t emen t  f o r  Task 
Areas 1 through 6 .  Task Areas 7 and 8 of t h e  Statement of Work s i g n i f i c a n t l y  
o v e r l a p  o t h e r  t a s k  areas and the d e s c r i p t i o n  of t h e  work done under t h e s e  
two areas has been inco rpora t ed  wi th  o t h e r  s e c t i o n s  of t h i s  r e p o r t ,  as 
a p p r o p r i a t e .  S p e c i f i c a l l y ,  t h e  work c a r r i e d  o u t  under Task Areas 7 and 8 is 
repor t ed  i n  t h e  fo l lowing  s e c t i o n s .  
Task Area 7. - Use SAM I1 and where Doss ib le .  SAGE sa te l l i t e  d a t a  t o  
Work desc r ibed  i n  Sec t ions  2.8 and 3.1. 
Task Area 8 .  - I n v e s t i g a t e  methods of a u t o m a t i c a l l y  p rocess ing  and d i s p l a y i n g  
SAGE sa t e l l i t e  d a t a ,  such  a s  a e r o s o l  o p t i c a l  depth ,  o r  s u i t a b l e  map 
p r o j e c t i o n s  showing the g loba l  v a r i a t i o n s  of t h e  q u a n t i t y  under s t u d y -  
Work desc r ibed  i n  Sec t ions  2.2 and 4.1. 
S p e c i f i c  mention is also made w i t h i n  t h e  body of t h e  r e p o r t  whenever 
work c a r r i e d  ou t  under Task Areas 7 and 8 is desc r ibed .  It should  a l s o  be 
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noted t h a t  a l though work has  been c a r r i e d  o u t  under each t a s k  area, t h e  
d i v i s i o n  is not n e c e s s a r i l y  uniform. This  d i v i s i o n  r e p r e s e n t s  t h e  r e s u l t s  of 
d i s c u s s i o n s  between t h e  c o n t r a c t o r s  and t h e  NASA Technica l  Monitor as t o  t h e  
work areas requ i r ing  major a t t e n t i o n .  Subsec t ions  under each s e c t i o n  
correspond t o  sepa ra t e  s t u d i e s  w i t h i n  t h e  t a s k  area. 
A s i g n i f i c a n t  p a r t  of t h e  work c a r r i e d  out  has  been p resen ted  a t  
s c i e n t i f i c  meetings and has  appeared i n  s c i e n t i f i c  j o u r n a l s .  Where material 
has been publ ished,  t h e  corresponding a b s t r a c t  has  been inc luded  i n  t h e  
Appendix t o  t h i s  r e p o r t  and only  a b r i e f  summary, t o g e t h e r  w i th  t h e  
a p p r o p r i a t e  r e fe rences ,  inc luded  i n  t h e  t e x t .  Unpublished material, where i t  
i s  be l i eved  to  be u s e f u l  and r e l e v a n t ,  has been reproduced i n  d e t a i l  i n  t h e  
t e x t  of t h i s  r epor t .  
6 
c 
2. 
2.1 
TASK I--INVESTIGATE THE GLOBAL CLIMATOLOGY OF TROPOSPHERIC AND 
STRATOSPHERIC AEROSOLS, AND STRATOSPHERIC O3 AND NO2 INCLUDING SPATIAL 
AND TEMPORAL VARIABILITY 
Product ion  of Zonal Mean P l o t s  and Tables  f o r  SAGE I Data (SAGE I ,  
Reference P u b l i c a t i o n )  
A s  i n d i c a t e d  i n  S e c t i o n  1.2, t h e r e  are 34 months o f  a e r o s o l ,  ozone and 
n i t r o g e n  d i o x i d e  d a t a  produced from o b s e r v a t i o n s  made by t h e  SAGE I s a t e l l i t e  
ins t rument .  T h i s  e n t i r e  d a t a  set  h a s  been s t o r e d ,  by month, on 34 magnetic 
t a p e s  and arch ived  a t  t h e  Nat ional  Space Sc iences  Data Center ,  NASA Goddard 
Space F l i g h t  Center ,  Greenbel t ,  Maryland 20771, where i t  is a v a i l a b l e  t o  t h e  
s c i e n t i f i c  community. I n  a d d i t i o n ,  i n  o r d e r  t o  provide t h e  same community 
wi th  t h e  d a t a  i n  a more e a s i l y  accessed form, r e f e r e n c e  p u b l i c a t i o n s  have 
been developed c o n t a i n i n g  t a b l e s  and p l o t s  of  t h e  most s i g n i f i c a n t  
c h a r a c t e r i s t i c s  of t h e  d a t a  s e t .  To achieve  t h i s  g o a l ,  a ready-to-use format 
was developed by a s m a l l  team under t h e  l e a d e r s h i p  o f  D r .  M. P. McCormick of 
NASA/LaRC, wi th  a s s i s t a n c e  from IFAORS and SASC Technologies I n c .  Two volumes 
of t h e  product  f o r  t h e  SAGE I a e r o s o l  d a t a  have been produced a s  NASA 
r e f e r e n c e  p u b l i c a t i o n s  (McCormick, 1985, 1986). The p u b l i c a t i o n  o f  t h e  t h i r d  
year  o f  a e r o s o l  r e s u l t s  i s  expected t o  f o l l o w  soon. 
2.2 Product ion  of SAGE I Aerosol O p t i c a l  Depth Maps and Zonal Mean E x t i n c t i o n  
P l o t s  ( i n c l u d e s  work c a r r i e d  out under Task Area 8 )  
One of t h e  more u s e f u l  q u a n t i t a t i v e  measures of t h e  s t r a t o s p h e r i c  
a e r o s o l  c o n c e n t r a t i o n  t h a t  may be d e r i v e d  from t h e  SAM I1 and SAGE I d a t a  
sets i s  t h e  o p t i c a l  depth a t  a wavelength o f  1 pm. I n  o r d e r  t o  s tudy  t h i s  
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q u a n t i t y  on a g loba l  s c a l e ,  maps o f  s t r a t o s p h e r i c  o p t i c a l  depth have been 
prepared  f o r  the  complete SAGE I d a t a  set .  The o r i g i n a l  p roduc t ion  o f  t h e s e  
maps was manual and both  c o l o r  and b l a c k  and wh i t e  v e r s i o n s  were prepared  f o r  
some p e r i o d s  of d a t a .  Some o f  t h e s e  maps have been used i n  p u b l i c a t i o n s  and 
an example (taken from Kent and McCormick, 19841, i s  reproduced i n  F igu re  
2 . l ( a ) .  A comparison d a t a  p roduc t ,  showing t h e  zonal  mean e x t i n c t i o n  as  a 
f u n c t i o n  o f  a l t i t u d e  and l a t i t u d e ,  h a s  a l s o  been prepared  and i s  shown i n  
F igu re  2 .  I ( b ) .  
Manual production o f  t h e s e  types  o f  d i s p l a y  i s  n o t  on ly  lengthy  and 
t e d i o u s ,  bu t  can in t roduce  s u b j e c t i v e  e r r o r  i n t o  t h e  i n t e r p o l a t i o n  o f  t h e  
d a t a  p o i n t s .  For t h e s e  r e a s o n s ,  so f tware  has  been w r i t t e n  t o  produce t h e  
o p t i c a l  depth  maps a u t o m a t i c a l l y  by computer. Th i s  problem i s  n o t  s imple ,  as 
t h e  SAGE d a t a  po in t s  are no t  d i s t r i b u t e d  uniformly a c r o s s  t h e  g lobe ,  bu t  over 
a f i v e  o r  six-week p e r i o d  w i l l  scan t h e  e a r t h ' s  s u r f a c e  i n  l a t i t u d e  from one 
extreme t o  another.  An example o f  t h i s  work is shown i n  F ig .  2.2 .  In  
a d d i t i o n ,  d a t a  p o i n t s  may be mis s ing ,  n e c e s s i t a t i n g  an i n t e r p o l a t i o n  
procedure.  The so f tware  t o  p l o t  t h e  r e q u i r e d  map has  been d iv ided  i n t o  t h r e e  
p a r t s  as descr ibed  below. 
( a )  Data S e l e c t i o n  and I n t e r p o l a t i o n  
Independent maps a r e  prepared  f o r  s u n r i s e  and s u n s e t  even t s  (on ly  s u n s e t  
a f t e r  June 1979). The maps show t h e  o p t i c a l  depth f o r  a s u n r i s e  or sunse t  
l a t i t u d e  "sweep," such as  t h a t  i n  F igu re  2.2 .  S u n r i s e  or s u n s e t  d a t a  i s  
s e l e c t e d  t h a t  l ies  between two chosen d a t e s  t h a t  d e f i n e  t h e  ends o f  t h e  
sweep. Ind iv idua l  e v e n t s  are sequenced from one end o f  t h e  sweep t o  t h e  
o t h e r ,  t h e  l a t i t u d e s  being examined t o  ensu re  t h a t  t h e  event  sequence moves 
s t e a d i l y  i n  one l a t i t u d i n a l  d i r e c t i o n .  Following t h i s ,  i n t e r p o l a t i o n  o f  d a t a  
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LONGITUDE 
Figure  2 . l ( a ) .  SAGE map of t he  s t r a t o s p h e r i c  o p t i c a l  depch, J u l y  2 t o  
August 10,  1981. Note t h e  concen t r a t ion  of v o l c a n i c  material 
t o  t h e  n o r t h ,  due to t h e  e r u p t i o n  of Alaid and a long  t h e  
e q u a t o r ,  due t o  the e r u p t i o n s  of Pagan and Ulawun. 
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Figure  2 . l ( b ) .  SAGE measurements of zona l  mean e x t i n c t i o n  J u l y  2 t o  August 10, 
1981. 
above t h e  tropopause. Dashed v e r t i c a l  l i n e s  show t h e  mean 
l a t i t u d e  f o r  each day's measurements. 
of vo lcan ic  ma te r i a l  due t o  t h e  e r u p t i o n s  of Ulawun (5'S), 
Pagan (18ON), and Alaid (51'"). 
The base l ine  below t h e  shading i s  a t  an  a l t i t u d e  2 km 
Note t h e  c o n c e n t r a t i o n s  
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gaps i s  c a r r i e d  o u t .  Two classes o f  d a t a  l o s s  may be i d e n t i f i e d .  The f i r s t  
c o n s i s t s  of those unavoidable occas ions  i n  which t h e  s a t e l l i t e  i s  i n  f u l l  
s u n l i g h t  and no d a t a  i s  o b t a i n a b l e .  No i n t e r p o l a t i o n  i s  a t tempted  on t h e s e  
occas ions .  The second c l a s s  c o n s i s t s  o f  t h o s e  occas ions  on which system 
mal funct ions  ( t r ansmiss ion  drop-out, n o i s e ,  e t c . )  have r e s u l t e d  i n  t h e  l o s s  
of one o r  more data even t s .  A computer r o u t i n e  i d e n t i f i e s  t h e s e  e v e n t s  and, 
provided t h e  l o s s  does no t  involve  t o o  many geograph ica l ly  a d j a c e n t  
measurement loca t ions ,  i t  carr ies  ou t  an i n t e r p o l a t i o n  between t h e  
ne ighbor ing  po in t s  i n  a s u i t a b l e  manner s o  as t o  f i l l  i n  t h e  mis s ing  d a t a .  
I n  t h i s  way, a t y p i c a l  l a t i t u d e  sweep ( e .g . ,  August 28-September 25, 1980) 
c o n s i s t i n g  of about f o u r  hundred obse rva t ions  (between l a t i t u d e s  o f  66's and 
60 N) w i t h  about t h i r t y  mi s s ing  o b s e r v a t i o n s  i s  conver ted  i n t o  a complete 
d a t a  sequence with no gaps. 
0 
( b )  I n t e r p o l a t i o n  t o  a Rectangular  Grid 
Even given a complete d a t a  sequence, problems s t i l l  e x i s t  i n  i t s  
mapping. A s  noted above, t h e  d a t a  p o i n t s  a r e  non-rec tangular ly  d i s t r i b u t e d ,  
t h e  l a t i t u d e  and l o n g i t u d i n a l  s e p a r a t i o n s  a r e  d i f f e r e n t  and t h e  l a t i t u d e  
s e p a r a t i o n  is h ighly  dependent on l o c a t i o n  on t h e  e a r t h ' s  s u r f a c e .  Thus, a t  
t h e  e q u a t o r ,  p o i n t s  a t  approximately t h e  same l o n g i t u d e  on s u c c e s s i v e  days 
w i l l  be sepa ra t ed  by about 5' i n  l a t i t u d e .  A t  high l a t i t u d e s ,  t h i s  
s e p a r a t i o n  may be less than  1 . A d e c i s i o n  was made t o  i n t e r p o l a t e  a l l  d a t a  
t o  a 1' l a t i t u d e ,  l ong i tude  g r i d ,  t h i s  be ing  a s u i t a b l e  base  f o r  p l o t t i n g  
o n t o  a mercator p r o j e c t i o n  o f  t h e  e a r t h ' s  s u r f a c e .  A computer r o u t i n e  
d i v i d e s  t h e  da ta  sequence i n t o  skew q u a d r i l a t e r a l  a r e a s  on t h e  e a r t h ' s  
s u r f a c e .  The o p t i c a l  depth v a l u e s  on a r e c t a n g u l a r  1' l a t i t u d e - l o n g i t u d e  
g r i d  w i t h i n  each q u a d r i l a t e r i a l  a r e  i n t e r p o l a t e d  by a three-dimensional 
p r o j e c t i o n  o f  the q u a d r i l a t e r i a l  o n t o  a r e c t a n g l e ,  followed by a s t anda rd  
0 
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b i v a r i a t e  i n t e r p o l a t i o n  r o u t i n e .  The r e s u l t a n t  d a t a  m a t r i x ,  c o n s i s t i n g  of  
v a l u e s  o f  o p t i c a l  depth a t  l o  l a t i t ude - long i tude  i n t e r v a l s  i s  o u t p u t  and 
passed  t o  t h e  p l o t t i n g  r o u t i n e .  
( c )  Product ion  o f  g l o b a l  maE 
The p l o t t i n g  r o u t i n e  produces t h r e e  maps. 
( 1 )  The f i r s t  shows t h e  measurement l o c a t i o n s ,  an  example has  a l r e a d y  
been g iven  i n  F igure  2 . 2 .  
( 2 )  The second map i s  similar t o  t h e  f i rs t  wi th  t h e  o p t i c a l  depth  
v a l u e s  superimposed on to  t h e  measurement l o c a t i o n s .  An example is  
g iven  i n  F igu re  2 . 3 .  
The t h i r d  i s  a shaded contour map prepared from t h e  one degree  
i n t e r p o l a t e d  o p t i c a l  depth  g r i d  d e s c r i b e d  p rev ious ly .  S i x  shading  
levels are used. Considerable e f f o r t  has  been employed i n  c r e a t i n g  a 
s u i t a b l e  shading  s c a l e  w i t h  t h e  r e q u i r e d  resol 'ution. A l l  maps a r e  
drawn- 9" x 18" making 1 of l a t i t u d e  o r  l ong i tude  equa l  t o  0.05". T h i s  
r e p r e s e n t s  t h e  l i m i t s  o f  r e s o l u t i o n  of t h e  f i g u r e ;  when t h e  f i g u r e  is  
reduced t o  page s i z e  o r  smal le r  , t h e  a s s o c i a t e d  d i s c o n t i n u i t i e s  become 
extremely small. The boundaries o f  t h e  shaded r e g i o n s  a r e  enhanced by 
t h e  a d d i t i o n  of contour  l i n e s .  An example o f  t h i s  p l o t ,  showing t h e  
same d a t a  as i n  F igu res  2 . 2 .  and 2 . 3 ,  i s  reproduced i n  F igu re  2 . 4 .  
0 
P l o t t i n g  time, p a r t i c u l a r l y  f o r  F igu re  2 . 3 ,  i s  lengthy  and can be 
expens ive  i f  much o f  t h e  map is covered by h igh  d e n s i t y  shading. P l o t s  o f  a 
q u a l i t y  s u i t a b l e  f o r  s c i e n t i f i c  use may be made on t h e  Varian p l o t t e r  a t  t h e  
NASA-Langley Computing Center f o r  which t h e  cha rges  a r e  minimal. P l o t s  of  
p u b l i c a t i o n  q u a l i t y  must be  produced on t h e  Calcomp p l o t t e r  a t  c o n s i d e r a b l y  
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more cost. It may be noted  t h a t  the output  matrix file from s t a g e  (2)  above may 
be used as  inpu t  t o  o t h e r  p l o t t i n g  dev ices  t o  produce a l t e r n a t i v e  c o l o r  
p l o t s ,  vugraphs o r  b l ack  and wh i t e  p l o t s  a t  less c o s t .  
Rout ine  product ion  of t h e  SAGE I o p t i c a l  depth maps h a s  been c a r r i e d  o u t  
f o r  a l l  u s e f u l  d a t a  between launch i n  February 1979 and December 1980. During 
t h i s  r o u t i n e  p roduc t ion ,  t h e  computer codes were r e f i n e d ,  p a r t i c u l a r l y  i n  
terms o f  handl ing  d a t a  gaps.  These occur red  i n  t h e  SAGE I d a t a  sequence 
because of ( a )  s u n l i t  p e r i o d s ,  (b) t e l e m e t r y  problems, and (c) s p a c e c r a f t  
power problems. Gaps due t o  s u n l i t  p e r i o d s  are l a r g e  and p r e s e n t  no major 
p l o t t i n g  problems. Gaps due t o  t e l e m e t r y  and s p a c e c r a f t  power supply  
problems are e r r a t i c  and of  v a r i a b l e  s i z e .  A s  noted e a r l i e r ,  t h e  code 
c o n t a i n s  a n  i n t e r p o l a t i o n  r o u t i n e  which w i l l  i n t e r p o l a t e  a c r o s s  d a t a  gaps 
t h a t  are below a c e r t a i n  s ize .  T h i s  r o u t i n e  i s  capab le  of hand l ing  most of 
t h e  d a t a  excep t  du r ing  t h e  per iod  May-October 1979, when t h e  d a t a  i s  v e r y  
i r r e g u l a r  due t o  p a r t i a l  f a i l u r e  in  t h e  s p a c e c r a f t  power supply.  For t h i s  
and o t h e r  similar p e r i o d s ,  t h e  code w a s  modified t o  p l o t  on ly  complete d a t a  
segments a f t e r  normal i n t e r p o l a t i o n  has  been a t tempted .  Up t o  t e n  s e p a r a t e  
d a t a  segments p e r  sweep may be p l o t t e d  a l though t h i s  has  never  been necessa ry  
i n  p r a c t i c e .  
I n  a d d i t i o n  t o  d a t a  gaps,  problems have been encountered due t o  poor 
s a t e l l i t e  ephemeris c o o r d i n a t e s .  Occas iona l ly ,  t h e  l a t i t u d e  ( o r  l o n g i t u d e )  
of a n  obse rva t ion  i s  o u t  of  sequence. The code w i l l  d e t e c t  and c o r r e c t  
s i n g l e  e r r o r s  of t h i s  type .  I f ,  however, as o c c a s i o n a l l y  o c c u r s ,  such an 
e r r o r  i s  a d j a c e n t  t o  a d a t a  gap or two such e r r o r s  occur i n  sequence, t h e n  it 
i s  necessa ry  t o  c o r r e c t  t h e  l a t i t u d e  and l o n g i t u d e  on t h e  o r i g i n a l  d a t a  
f i l e .  A l i s t  o f  o p t i c a l  depth maps prepared  is shown i n  Table  2.1 which 
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indicates the dates of each sweep, the event type, sweep direction and the 
plotting device used (these maps have been delivered to NASA). 
2.3 Ozone Climatology 
The entire three years' (34 months) SAGE ozone measurements have been 
used to derive the seasonal meridional ozone mixing ratio distributions. The 
results are tabulated in Tables 2.2 to 2.5 and graphically displayed in 
Figures 2.5a to 2.5d. In general, the ozone mixing ratio shows a maximum 
above the equator at ~ 3 2  km. The center of this maximum appears to follow 
the seasonal shift of the sun. We may also note that, in the winter high 
latitude lower stratosphere (between 25 and 35 km), the ozone shows a lower 
value than that in the corresponding region in the summer hemisphere. This 
occurrence could be the result of large-scale wave disturbances (planetary 
waves) in high latitudes during the winter. Planetary waves are believed to 
be able to transport trace species and heat to the polar region from lower 
latitudes. 
The corresponding standard deviations (expressed in percentage of the 
mean) of the three-year seasonal means are given in Figures 2.6a to 2.6d. 
Generally, large values 020%) of the standard deviation exist in regions 
above 45 km and below 20 km, especially in the low latitudes (<30°) in the 
lower stratosphere. Perhaps, these large values are partly due to large 
signal/noise ratios for the instrument in these altitude ranges. In the 
regions between 20 km and 45 km, the values are generally less than 20%. In 
fact, values less than 10% are found in the stratosphere between 23 and 38 
km, except in the high latitudes. Since in this region the uncertainty of 
the retrieved 0 profiles is less than lo%, the larger values (> lo%)  in the 
high iatitudes are indicative of the ozone variability in this region. Of 
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p a r t i c u l a r  i n t e r e s t  i s  t h e  e x t i n s i o n  of t h e  t h e  10% contour  l i n e  from w i n t e r  h i g h  
l a t i t u d e s  t o  about +lo" c e n t e r e d  a t  a l t i t u d e  32 km ( F i g u r e s  2.6band *zed>.  There are 
r e a s o n s  t o  b e l i e v e  t h a t  t h i s  f e a t u r e  i s  p r i m a r i l y  a r e s u l t  o f  p l a n e t a r y  wave 
a c t i v i t y  d u r i n g  t h e  w i n t e r .  Since t h e s e  wave a c t i v i t i e s  are p r e v a l e n t  
th rough about t h e  end o f  March (Labi tzke ,  1982, J. Meteo. SOC., Japan,  
124-139) r e l a t i v e l y  h igh  v a l u e s  of s t a n d a r d  d e v i a t i o n  are a l s o  expected t o  be 
--------1 
shown i n  h igh  l a t i t u d e s  d u r i n g  t h e  p e r i o d  of  s p r i n g  equinox. This  f e a t u r e  i s  
indeed n o t i c e a b l e  i n  F igures  2.6a and 2 . 6 ~ .  
For  t h e  reason  t h a t  t h e  ozone column p l a y s  an important r o l e  i n  uv s o l a r  
r a d i a t i o n  a t t e n u a t i o n ,  e x t e n s i v e  i n v e s t i g a t i o n s  have beem made of t h e  
v a r i a t i o n  o f  t o t a l  ozone on a g l o b a l  scale. To examine t h e  s e a s o n a l  
v a r i a t i o n  o f  t h e  z o n a l l y  averaged t o t a l  ozone d i s t r i b u t i o n ,  three-year  ozone 
p r o f i l e s  d e r i v e d  from t h e  SAGE instrument have been us'ed f o r  t h i s  p a r t i c u l a r  
purpose. I n  t h i s  a n a l y s i s ,  t h e  ozone column is  i n t e g r a t e d  from 2 krn above 
t h e  t ropopause up t o  5 5  km. The 34-month SAGE ozone p r o f i l e s  a r e  grouped 
s e a s o n a l l y .  The ozone column i s  then determiend f o r  each o f  t h e  p r o f i l e s .  A 
z o n a l  average i s  then  c a l c u l a t e d  f o r  t h e  15 IO0 l a t i t u d e  b i n s  from 75's t o  
75'N. The a s s o c i a t e d  s t a n d a r d  d e v i a t i o n s  o f  t h e  means have a lso been 
der ived .  These d e v i a t i o n s  may i n d i c a t e  t h e  v a r i a b i l i t i e s  o f  t h e  ozone column 
a t  d i f f e r e n t  l a t i t u d e s  dur ing  d i f f e r e n t  seasons .  The f o u r  s e a s o n a l  means are 
shown i n  F igure  2.7. I n  g e n e r a l ,  l a r g e  s e a s o n a l  v a r i a t i o n s  o f  ozone columns 
e x i s t  i n  r e g i o n s  o u t s i d e  t h e  t r o p i c s .  I n  both hemispheres,  F igure  2.7 shows 
t h a t  t h e  mean ozone column reaches i t s  lowest v a l u e  i n  t h e  F a l l .  A r a p i d  
i n c r e a s e  occurs  from t h e  F a l l  t o  Winter  a t  h i g h  l a t i t u d e s .  This  i n c r e a s e  
seems t o  ex tend  t o  S p r i n g  i n  the  Northern Hemisphere. I n  t h e  Southern 
Hemisphere, t h e  v a r i a t i o n s  a r e  similar t o  t h o s e  i n  t h e  Northern Hemisphere, 
25 
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0 except  poleward o f  50 S. A t  t h e  l a t t e r  l a t i t u d e s ,  t h e  ozone column d e c r e a s e s ,  
r a t h e r  t h a n  i n c r e a s e s  from Winter  t o  Spring.  
The s t a n d a r d  d e v i a t i o n s  o f '  t he  s e a s o n a l l y  averaged zonal  mean ozone 
column a r e  g iven  i n  F i g u r e s  2.8a t o  2.8d. The remarkable f e a t u r e s  a r e  t h e  
l a r g e r  v a l u e s  of t h e  d e v i a t i o n  d u r i n g  t h e  Winter and Spr ing ,  and t h e  
r e l a t i v e l y  low v a l u e s  d u r i n g  t h e  F a l l  i n  h igh  l a t i t u d e s .  I n  g e n e r a l ,  t h e  
v a l u e s  for t h e  d e v i a t i o n  i n  t h e  Northern Hemisphere a r e  g e n e r a l l y  g r e a t e r  
t h a n  t h o s e  i n  t h e  Southern Hemisphere d u r i n g  t h e  same seasons.  These l a r g e  
d e v i a t i o n s  a t  t h e  h igh  l a t i t u d e s  dur ing  Winter and Spr ing ,  e s p e c i a l l y  i n  t h e  
Northern Hemisphere, are b e l i e v e d  t o  be l i n k e d  wi th  t h e  h igh  l a t i t u d e  dynamic 
a c t i v i t y  d u r i n g  t h e s e  p a r t i c u l a r  seasons .  It i s  w e l l  known t h a t  t h e  
s t r a t o s p h e r e  i s  c h a r a c t e r i z e d  by la rge-sca le  d i s t u r b a n c e s  ( p l a n e t a r y  waves) 
as t h e  c i r c u l a t i o n  p a t t e r n  changes from Winter t o  Summer. A t  low l a t i t u d e s ,  
t h e  s t a n d a r d  d e v i a t i o n  i s  much smaller  compared t o  t h o s e  a t  h igh  l a t i t u d e s .  
Never the less ,  F i g u r e  2.8 show a mild l o c a l  maximum o f  t h e  d e v i a t i o n  a t  t h e  
t r o p i c s  and two loca l  minima n e a r  +20 d e g r e e s  l a t i t u d e .  
2.4 I d e n t i f i c a t i o n  of C a l i b r a t i o n  O r b i t s  
The SAM I1 s a t e l l i t e  system i s  mounted, a l o n g  w i t h  o t h e r  s e n s o r s ,  aboard 
t h e  Nimbus-7 s p a c e c r a f t .  Per iodic  e a r t h  r a d i a t i o n  budget instrument  
c a l i b r a t i o n s ,  c a r r i e d  o u t  on board Nimbus-7, r e s u l t  i n  p e r t u r b a t  i ons  t o  t h e  
s p a c e c r a f t  a t t i t u d e  c o n t r o l / p o i n t i n g  which i n t e r f e r e  wi th  t h e  d a t a  be ing  
measured by SAM 11. These c a l i b r a t i o n s  a r e  c a r r i e d  o u t  a t  approximately 
24-day i n t e r v a l s  and p e r t u r b  o n l y  a small f r a c t i o n  of t h e  SAM I1 measurement 
o r b i t s .  D e s p i t e  t h i s ,  t h e  i n t e r f e r e n c e ,  which s i m u l a t e s  a h igh  e x t i n c t i o n  a t  
a l t i t u d e s  above t h e  a e r o s o l  layer maximum, is  s u f f i c i e n t l y  l a r g e  t o  s e r i o u s l y  
a f f e c t  average v a l u e s  t h a t  i n c l u d e  t h e  per turbed  d a t a .  
28 
I n  o r d e r  t o  i d e n t i f y  SAM I1 events  t h a t  are a f f e c t e d  by c a l i b r a t i o n ,  a 
computer s ea rch  was made f o r  t h e  apparent h igh  e x t i n c t i o n  t h a t  appea r s  on t h e  
SAM I1 e x t i n c t i o n  p r o f i l e .  The computer program i n t e g r a t e s  t h e  SAM I1 
e x t i n c t i o n  p r o f i l e s  over  t h e  a l t i t u d e  range 26-30 km and has  been a p p l i e d  t o  
a l l  d a t a  ob ta ined  between 1978 and 1981. For l a te r  y e a r s ,  which con ta ined  
h igh  a l t i t u d e  e x t i n c t i o n  enhancements as a r e s u l t  o f  t h e  e r u p t i o n  of  El 
Chichon, t h e  i n t e g r a t i o n  range was s h i f t e d  t o  31-35 km. A l i s t  o f  o r b i t  
numbers f o r  t hose  o r b i t s  then  judged t o  be a f f e c t e d  by c a l i b r a t i o n  are l i s t e d  
i n  Table  2.6. I n  t h i s  t a b l e ,  a s t e r i s k s - m a r k  those  o r b i t s  f o r  which no c l e a r  
conc lus ion  was p o s s i b l e .  Data t h a t  were no t  a v a i l a b l e  on t h e  mic ro f i che ,  bu t  
which showed an obvious ly  h igh  e x t i n c t i o n ,  are shown i n  Table  2.7.  
2.5 Product ion  o f  a 16 mm Movie Film of  SAM I1 Data 
I n  o r d e r  t o  observe  t h e  temporal v a r i a t i o n  o f  t h e  a e r o s o l  e x t i n c t i o n  
c o e f f i c i e n t ,  e s p e c i a l l y  t h e  gene ra t ion ,  movement and d isappearance  o f  p o l a r  
s t r a t o s p h e r i c  c louds ,  a computer program was w r i t t e n  t o  g e n e r a t e  a 16 mm 
movie f i l m  from t h e  SAM I1 d a t a  s e t .  I n  t h i s  movie, t h e  a e r o s o l  e x t i n c t i o n  
con tour s  are  shown w i t h i n  a he igh t  v e r s u s  long i tude  frame. The h e i g h t  range  
is f i x e d  from 5 km t o  30 km, w h i l e  t h e  l o n g i t u d e  range  is f i x e d  from -180 t o  
180'. SAM I1 s u n r i s e  o b s e r v a t i o n s  occur only  i n  t h e  Southern Hemisphere w h i l e  
s u n s e t  o b s e r v a t i o n s  occur  i n  t h e  Northern Hemisphere. I n  o r d e r  t o  show t h e  
a e r o s o l  behavior  i n  each hemisphere independent ly ,  t h e  s u n r i s e  and s u n s e t  
e v e n t s  a r e  s e p a r a t e d  i n t o  two d i f f e r e n t  sequences.  Each frame o f  t h e  movie 
f o r  e i t h e r  hemisphere i s  generated u s i n g  a s i n g l e  day ' s  s u n r i s e  o r  s u n s e t  
d a t a .  The d a t e  and t h e  l a t i t u d e  o f  t h e  f i r s t  o b s e r v a t i o n  on each day are  
shown a t  t h e  t o p  of  each frame. In  a d d i t i o n ,  t h e  p o s i t i o n  o f  t h e  t ropopause  
i s  shown by a s o l i d  l i n e  wi th  d o t s  on i t .  
0 
,... . 
TABLE 2.6. C a l i b r a t i o n  O r b i t s  Occurr ing i n  SAM I1 Data. 
November 1978 - February 1983. 
SAM I1 Week ISUN Year Orbi t  Number Month /Day 
1978 
1979 
1980 
4 9s 
797 
1552 
1773 
2105 
2105 
2568 
2568 
2928 
3259 
3259 
3591 
3591 
3923 
4254 
4586 
4586 
5097 
5249 
5560* 
5581 
5915 
6244 
6576 
7239 
7571 
7903 
8567 
KnV 2n 
Dec 20 
Feb 13 
Mar 01 
Mar 25 
Mar 25 
Apr 28 
Apr 28 
May 24 
Jun 16 
Jun 16 
J u l  11 
J u l  11 
Aug 04 
Aug 28 
Sep 12 
Sep 12 
Oct 28 
Nov 08 
Nov 30 
Dec 01 
Dec 26 
Jan  19 
Feb 12 
Mar 31 
Apr 24 
May 18 
J u l  05 
30 
006 
009 
01 7 
019 
02 3 
023 
027 
027 
03 1 
034 
034 
038 
0 38 
04 1 
045 
048 
048 
05 4 
05 5 
05 8 
05 9 
062 
065 
069 
076 
079 
083 
08 9 
0 
1 
0 
0 
0 
1 
0 
1 
0 
0 
1 
0 
1 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
T A B L E  2.6 (Cont'd) 
Year Orbi t  Number Month/Day SAM I1 Week I SUN 
1981 
1982 
1980 (cont 'd)  8567 
889 7 
9561 
9892 
10225 
10887 
11219 
11549 
11549 
11882 
11882 
12214 
12878 
13210 
13873 
14205 
14536 
14868 
15533 
15863 
16195 
16195 
16858 
16858 
17190 
17190 
17521* 
17853 
18185 
18185 
18517 
18517 
Jul 05 
Jul 29 
Sep 15 
Oct 09 
Nov 02 
Dec 02 
Jan 13 
Feb 05 
Feb 05 
Mar 02 
Mar 02 
Mar 26 
May 13 
Jun 06 
Jul 24 
Aug 1 7  
Sep 01 
Oct  04 
Nov 2 1  
Dec 15 
Jan 08 
Jan 08 
Feb 25 
Feb 25 
Mar 21 
Mar 21 
Apr 14 
May 08 
Jun 10 
Jun 10 
Jun 25 
Jun 25 
089 
093 
100 
103 
107 
113 
117 
120 
120 
124 
124 
127 
134 
137 
144 
148 
151 
155 
161 
165 
168 
168 
175 
175 
179 
179 
182 
185 
189 
189 
192 
192 
1 
1 
0 
0 
1 
1 
0 
0 
1 
0 
1 
0 
0 
1 
1 
0 
0 
0 
0 
0 
0 
1 
0 
1 
0 
1 
1 
1 
0 
1 
0 
1 
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TABLE 2.6 (Cont 'd) 
Year Orbi t  Number Month /Day SAM I1 Week ISUN 
1982 ( con t ' d )  18848 J u l  19 
18848 J u l  19 
19512 Sep 05 
19512 Sep 05 
19844 Sep 29 
Pnrr 3 0  u c y  L /  
1 n 0 1. 1. 
I2lJ-t-t 
1983 2 1834 Feb 20 
196 
196 
203 
203 
206 
7nc. 
- v v  
227 
TABLE 2 . 7 .  O r b i t s  Showing High E x t i n c t i o n  Above 26 km f o r  which 
N o  Microf iche  i s  Ava i l ab le  
- 
Year Orb i t  Number Month /Day SAM I1 Week I SUN 
1979 5 130 
5133 
1980 6033 
6034 
1982 21148 
Oct 30 
O c t  30 
Jan  03 
Jan  03 
Dec 31 
054 
054 
063 
063 
219 
32 
Two movies were genera ted  from the developed sof tware .  One movie shows 
p o l a r  s t r a t o s p h e r i c  c louds  i n  t h e  n o r t h e r n  w i n t e r  of 1978 ( s u n s e t  
obse rva t ions  only) .  The o t h e r  movie shows p o l a r  s t r a t o s p h e r i c  c louds  i n  t h e  
Southern  Hemisphere w i n t e r  of 1979 ( s u n r i s e  obse rva t ions  only) .  The 
development of p o l a r  s t r a t o s p h e r i c  c louds  and t h e i r  apparent  v e r t i c a l  
movement a s s o c i a t e d  wi th  t h e  v e r t i c a l  v a r i a t i o n  of t h e  t ropopause he igh t  are 
c l e a r l y  shown i n  t h e s e  f i l m s  ( t h e s e  f i l m s  have been d e l i v e r e d  t o  NASA). 
A contour  p l o t  of SAM I1 e x t i n c t i o n  d a t a  used i n  t h e  g e n e r a t i o n  of a 
16mm f i l m  is shown i n  F igure  2.9. 
2.6 Comparison o f  SAM I1 and SAGE I Data 
The SAM I1 and SAGE I s a t e l l i t e  experiments  a r e  each designed t o  measure 
s t r a t o s p h e r i c  a e r o s o l  e x t i n c t i o n  c o e f f i c i e n t s  u s ing  t h e  technique  o f  s o l a r  
o c c u l t a t i o n  o r  l imb e x t i n c t i o n .  Both SAM I1 and SAGE I have an  a e r o s o l  
measurement channel  c e n t e r e d  a t  1.0 pm wavelength,  and have a similar o p t i c a l  
bandpass and instrument  f i e l d  of view. There a r e  occas ions  when t h e  
measurement l o c a t i o n s  of t h e  t w o  s a t e l l i t e s  are n e a r l y  c o i n c i d e n t ,  p rov id ing  
o p p o r t u n i t i e s  f o r  a measurement comparison. 
I n  t h i s  s tudy ,  t h e  a e r o s o l  e x t i n c t i o n  p r o f i l e  and d a i l y  contour  p l o t s  
f o r  t h e  co inc iden t  even t s  i n  1979 have been compared. The f i r s t  approach was 
t o  compare i n d i v i d u a l  SAM I1 and SAGE measurement p r o f i l e s  ob ta ined  on t h e  
same day and w i t h i n  l o  i n  both longi tude  and l a t i t u d e .  It was found t h a t  
t h e r e  a r e  t h i r t e e n  p r o f i l e s  i n  1979 t h a t  s a t i s f y  t h i s  c r i t e r i o n .  The second 
approach was t o  compare t h e  d a i l y  a e r o s o l  e x t i n c t i o n  contour  p l o t s  f o r  t h e  
two sa t e l l i t e s .  Again, comparisons were made when t h e  d i f f e r e n c e  between t h e  
l a t i t u d e  coverages o f  SAM I1 and SAGE I was 1 o r  less. It was found t h a t  
t h e r e  were e igh teen  d a i l y  contour  p l o t s  i n  1979 t h a t  s a t i s f y  t h i s  c r i t e r i o n .  
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A f t e r  c a r e f u l l y  comparing t h e  ind iv idua l  p r o f i l e s  o f  a e r o s o l  e x t i n c t i o n  and 
d a i l y  contour  p l o t s  ob ta ined  by SAM I1 and SAGE I f o r  occas ions  when t h e  
measurements were n e a r l y  co inc ident  i n  t i m e  and space ,  w e  concluded t h a t  both 
p r o f i l e s  and d a i l y  contour  p l o t s  agreed w i t h i n  t h e  u n c e r t a i n t i e s  a s s o c i a t e d  
wi th  each  experiment.  Thus, because SAM I1 p r o f i l e s  are i n  good agreement 
wi th  r e s u l t s  ob ta ined  u s i n g  more conventional remote and i n  s i t u  s e n s o r s ,  t h e  
r e s u l t s  o f  t h i s  s tudy  v a l i d a t e  t h e  d a t a  ob ta ined  wi th  t h e  SAGE I ,  1.0 pm 
senso r  channel.  
Th i s  work has  been publ i shed  i n  t h e  J o u r n a l  of  Geophysical Research (Yue 
e t  a l . ,  1984) and t h e  Abs t r ac t  t o  t h i s  p u b l i c a t i o n  i s  reproduced a s  Appendix 
A. 
2.7 P o l a r  S t r a t o s p h e r i c  Cloud Studies  
Po la r  s t r a t o s p h e r i c  c louds  (PSC's) appear on t h e  SAM I1 d a t a  a s  
enhancements i n  t h e  1 pm a e r o s o l  e x t i n c t i o n  a t  a l t i t u d e s  between z e r o  and t e n  
k i l o m e t e r s  above t h e  t ropopause ;  a few s i g h t i n g s  of t h e s e  c louds  have a l s o  
been found i n  t h e  SAGE I d a t a  s e t .  PSC's occur  on ly  a t  h igh  l a t i t u d e ,  i n  
w i n t e r ,  when t h e  ambient s t r a t o s p h e r i c  tempera ture  f a l l s  below about 195K. 
T h e i r  c h a r a c t e r i s t i c s ,  as seen  on t h e  s a t e l l i t e  d a t a ,  and t h e o r i e s  o f  t h e i r  
format ion  have formed t h e  b a s i s  of  s e v e r a l  p u b l i c a t i o n s  by members of t h e  
Aerosol  Research Branch, LaRC (McCormick e t  a l . ,  1981, 1982, 1985; Steele e t  
a l . ,  1983, H a m i l l  and McMaster, 1984). A s  p a r t  o f  t h e  work c a r r i e d  out  under 
t h i s  c o n t r a c t ,  a s tudy  was made of  t h e  occurrence  s t a t i s t i c s  f o r  PSC's and 
t h i s  work has  formed t h e  s u b j e c t  o f  a NASA Cont rac to r  Report (Farrukh 1985). 
Data f o r  bo th  hemispheres were s t u d i e d  f o r  t h e  p e r i o d  1978-1982. The 
fo l lowing  f e a t u r e s  were examined in p a r t i c u l a r  : 
1. The i n c r e a s e  i n  e x t i n c t i o n  ( f o r  a PSC) r e l a t i v e  t o  t h e  e x t i n c t i o n  of 
t h e  background (non PSC) aerosol. 
2. The a l t i t u d e  v a r i a t i o n  o f  minimum s t r a t o s p h e r i c  tempera tures .  
3. The l o n g i t u d i n a l  d i s t r i b u t i o n  of  PSCs. 
4. The long i tud ina l  d i s t r i b u t i o n  o f  minimum s t r a t o s p h e r i c  tempera tures .  
5. The p r o b a b i l i t y  o f  occur rence  o f  PSCs a s  a func t ion  of minimum 
s t r a t o s p h e r i c  temperature.  
P r i n c i p a l  f i n d i n g s  from t h i s  a n a l y s i s  a r e  summarized i n  t h e  a b s t r a c t  t o  
t h e  r e p o r t  c i t e d  above (Farrukh 1985) which i s  reproduced as Appendix B. P a r t  
o f  t h e  m a t e r i a l  has  a l s o  been inc luded  i n  a f u r t h e r  p u b l i c a t i o n  (McCormick e t  
a l ,  1985). The a b s t r a c t  f o r  t h e  p u b l i c a t i o n  i s  inc luded  as Appendix C .  
. 
2.8 Study of  Aerosol Concen t r a t ions  Near the North P o l a r  Vortex ( i n c l u d e s  work 
c a r r i e d  out  under Task Area 7) 
Airborne  l i d a r  measurements made i n  t h e  a r c t i c  r e g i o n  i n  January  1983 
showed s t r o n g  g r a d i e n t s  i n  a e r o s o l  c o n c e n t r a t i o n  t o  e x i s t  a c r o s s  t h e  r e g i o n  
of  t h e  p o l a r  n ight  j e t  stream. S i m i l a r  d i f f e r e n c e s  were observed i n  t h e  SAM 
I1 d a t a  taken  a t  t h e  same time as t h e  l i d a r  f l i g h t s ,  i n d i c a t i n g  t h a t  f o r  
a l t i t u d e s  between 18 and 26 km, t h e  a e r o s o l  c o n c e n t r a t i o n s  w i t h i n  t h e  p o l a r  
v o r t e x  were about one o r d e r  o f  magnitude lower than  t h a t  o u t s i d e .  Th i s  
a n a l y s i s  h a s  been publ i shed  (McCormick e t  a l . ,  1983) and t h e  a b s t r a c t  is 
reproduced as Appendix D. The o b s e r v a t i o n s  j u s t  o u t l i n e d  were made s h o r t l y  
a f t e r  t h e  e rup t ion  o f  El Chichon had i n j e c t e d  a ve ry  l a r g e  q u a n t i t y  o f  f r e s h  
a e r o s o l  i n t o  t h e  s t r a t o s p h e r e .  It was n o t  c l e a r  whether t h e  a e r o s o l  
c o n c e n t r a t i o n  v a r i a t i o n s  observed were e n t i r e l y  due t o  t h e  a c t i o n  of t h e  
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n o r t h  p o l a r  v o r t e x  o r  i f  t h e r e  may have been some e f f e c t  o f  inhomogeneities 
in c o n c e n t r a t i o n  remaining from t h e  v o l c a n i c  e r u p t i o n .  P a r t l y  because o f  
t h i r  u n c e r t a i n t y  and a l so  because of a need t o  i n v e s t i g a t e  t h e  unde r ly ing  
r e c h a n i r n s ,  a n  indepth  s t u d y  was made o f  t h e  a e r o s o l  e x t i n c t i o n  i n  h igh  
l a t i t u d e s  i n  t h e  n o r t h e r n  w i n t e r  of 1978-1979, as measured by SAM 11. These 
s t u d i e s  confirmed t h a t  t h e  corkcentration changes were produced a s  t h e  r e s u l t  
o f  dynamical changes a s s o c i a t e d  with t h e  n o r t h  p o l a r  v o r t e x .  Subsidence was 
observed t o  occur  w i t h i n  t h e  vo r t ex ,  b r i n g i n g  a i r  down from h i g h e r  a l t i t u d e s  
c o n t a i n i n g  a lower a e r o s o l  concen t r a t ion  and mixing o u t  a i r  wi th  a high 
a e r o s o l  c o n c e n t r a t i o n  through t h e  base  o f  t h e  v o r t e x .  Rates o f  subs idence  
were e s t a b l i s h e d  and a base €or the v o r t e x  was determined a t  an a l t i t u d e  of  
about  14 km. T h i s  work has  been published i n  t h e  J o u r n a l  of t h e  Atmospheric 
Sc iences  (Kent e t  al . ,  1985a) and the a b s t r a c t  i s  reproduced as Appendix E. 
2.9 Tropospher ic  Aerosol Climatology 
A s  p a r t  o f  a program o f  work c a r r i e d  ou t  under NASA Con t rac t  NAS8-35594, 
a s t u d y  was made of  a e r o s o l  e x t i n c t i o n  v a l u e s  measured by SAM I1 and SAGE I 
f o r  a l t i t u d e s  below t h e  tropopause (Kent e t  a l . ,  1985b). The SAM I1 and SAGE 
I s a t e l l i t e s  were des igned  f o r  s t r a t o s p h e r i c  use  but  i t  was found t h a t ,  i n  
t h e  absence  o f  h i g h  a l t i t u d e  cloud, t r o p o s p h e r i c  measurements are n o t  on ly  
p o s s i b l e ,  bu t  are a v a i l a b l e  from a s i g n i f i c a n t  f r a c t i o n  o f  t h e  t o t a l  number 
of measurement o p p o r t u n i t i e s .  I n  t h e  p rev ious  work, SAM I1 d a t a  f o r  October 
1978 - October 1979 and SAGE I ,  I pm d a t a  f o r  October 1979 - November 1981 
were s t u d i e d  i n  terms of t h e  p r o b a b i l i t y  d i s t r i b u t i o n  of e x t i n c t i o n  v a l u e s  a t  
d i f f e r e n t  a l t i t u d e s  and l a t i t u d e s .  The 50% p r o b a b i l i t y  l e v e l  o r  median 
e x t i n c t i o n  was chosen as a measure o f  c e n t r a l  tendency f o r  t h e  e x t i n c t i o n  
v a l u e s .  The main r e s u l t s  t o  emerge from t h i s  a n a l y s i s  were: 
1.  Median e x t i n c t i o n  v a l u e s  i n  t h e  Nor thern  Hemisphere f o r  a l t i t u d e s  
between 5 and 10 km were one-half t o  one o r d e r  o f  magnitude g r e a t e r  
than i n  t h e  Southern Hemisphere. 
2 .  A seasonal  v a r i a t i o n  by a f a c t o r  of  1.5 - 2 was observed i n  both  
hemispheres wi th  maximum e x t i n c t i o n  being observed i n  l o c a l  Spr ing  and 
Summer. 
3. Following major v o l c a n i c  e r u p t i o n s ,  a long-lived enhancement o f  t h e  
a e r o s o l  e x t i n c t i o n  was observed f o r  a l t i t u d e s  above 5 km. 
F u r t h e r  a n a l y s i s  of  t h e  t r o p o s p h e r i c  d a t a  from SAGE 11, as  w e l l  a s  SAM 
I1 and SAGE I, has  cont inued  under Cont rac t  NASI-18252 and a l s o  under t h e  
p r e s e n t  c o n t r a c t .  The work under t h e  c u r r e n t  c o n t r a c t  has  concen t r a t ed  upon 
t h e  SAM I1 da ta ,  o f  which only one yea r  (October 1978-October 1979) was 
p r e v i o u s l y  s t u d i e d .  The emphasis o f  t h e  newer work h a s  been t o  use  t h e  
aerosol /molecular  e x t i n c t  ion  r a t  i o  a s  t h e  parameter t o  be s t u d i e d ,  r a t h e r  
than  t h e  e x t i n c t i o n  i t s e l f .  The former i s  a q u a n t i t y  which, t o  a f i r s t  o r d e r  
o f  approximation, i s  conserved under t r a n s p o r t  and t h u s  more s u i t a b l e  f o r  u s e  
i n  a r eg ion  where both h o r i z o n t a l  t r a n s p o r t  and v e r t i c a l  convec t ion  can 
occur.  I n  a d d i t i o n ,  i n s t e a d  o f  using t h e  median as a d e s c r i p t i o n  o f  a e r o s o l  
p r o p e r t i e s ,  t he  p r o b a b i l i t y  d i s t r i b u t i o n  h a s  been examined f o r  modes (most 
probable  va lues )  i n  t h e  e x t i n c t i o n  r a t i o .  The v a r i a t i o n  o f  t h e s e  wi th  
a l t i t u d e  and season h a s  then  been s t u d i e d .  I n  both p r e s e n t  and p a s t  
a n a l y s e s ,  w e  have tended t o  use  a l o g a r i t h m i c  scale t o  d e s c r i b e  t h e  a e r o s o l  
e x t i n c t i o n  o r  e x t i n c t i o n  r a t i o .  T h i s  cho ice  h a s  been n e c e s s i t a t e d  by t h e  
l a r g e  dynamic ranges f o r  t h e s e  v a r i a b l e s  found i n  t h e  t r o p o s p h e r i c  d a t a .  
F igu re  2.10. sh-ows a t y p i c a l  e x t i p c t i g n  r a t i o  p r o b a b i l i t y  d i s t r i b u t i o n  
h i s tog ram shows t h e  f requency  of occurrence  of v a r i o u s  f o r  SAM I1 data .  This  
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Figure  2.10. Histogram showing frequency of occurrence  of d i f f e r e n t  
v a l u e s  of aerosol /molecular  e x t i n c t i o n  r a t i o .  SAM 11 
d a t a ,  November 19 - December 16, 1979, Northern hemisphere.  
Data are f o r  an a l t i t u d e  of 7 km. 
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v a l u e s  of e x t i n c t i o n  r a t i o  f o r  one month of SAM I1 d a t a  t aken  i n  t h e  Northern 
Hemisphere. The d a t a  is f o r  a n  a l t i t u d e  of 7 km and was t aken  between 
November 19 and December 16, 1979. The e x t i n c t i o n  r a t i o  i s  shown on a 
l o g a r i t h m i c  s c a l e ,  each i n t e r v a l  i n  t h e  h i s tog ram cor responding  t o  a change 
of 0.1 i n  t h e  logar i thm o f  t h e  e x t i n c t i o n  r a t i o .  The h is togram c l e a r l y  shows 
two maximas, one a t  an  e x t i n c t i o n  r a t i o  of about 0.6  and t h e  o t h e r  a t  a v a l u e  
of about 22. The former i s  b e l i e v e d  t o  be a s s o c i a t e d  wi th  t h e  t r o p o s p h e r i c  
a e r o s o l  bu t  the l a t t e r ,  which l i e s  a t  t h e  t h r e s h o l d  o f  measurement o f  t h e  
s a t e l l i t e  instrument ( a t  t h i s  a l t i t u d e )  i s  b e l i e v e d  t o  be a s s o c i a t e d  wi th  
s u b v i s i b l e  clouds. Support f o r  t h i s  i n t e r p r e t a t i o n  i s  g iven  by t h e  
multiwavelength SAGE I and SAGE I1 d a t a  which show s imi l a r  modes. For d a t a  
from t h e s e  t w o  s a t e l l i t e s ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  r a t i o  o f  t h e  
e x t i n c t i o n  a t  a s h o r t e r  wavelength (0.45 pm f o r  SAGE I or 0.525 p m  f o r  SAGE 
11)  t o  t h a t  a t  1 p m ,  f o r  t h e  same a l t i t u d e  and t h e  same event .  It i s  found 
t h a t  such r a t i o s ,  f o r  t h e  mode j u s t  i d e n t i f i e d  a s  a e r o s o l ,  t y p i c a l l y  have 
v a l u e s  around 2 or 3. For t h e  o t h e r  mode, t h i s  r a t i o  i s  normally around 
u n i t y .  The l a t t e r  i s  t o  be expec ted  f o r  l a r g e r  c loud  p a r t i c l e s ,  l end ing  
credence  t o  the  i n t e r p r e t a t i o n  j u s t  g iven .  
It i s  p o s s i b l e  t o  s tudy  t h e  manner i n  which t h e  t r o p o s p h e r i c  a e r o s o l  
modes, as  j u s t  d e s c r i b e d ,  va ry  wi th  both  a l t i t u d e  and season  i n  e i t h e r  
hemisphere. The r e s u l t s  of t h i s  s tudy  a r e  shown i n  F igu re  2.11 i n  t h e  form 
of a shaded contour p l o t .  The t ime pe r iod  covered  i n  t h e  p l o t  is  October 
1979 - September 1981, t h e  d a t a  be ing  d i v i d e d  i n t o  four-week t i m e  segments. 
The a l t i t u d e  range i s  from 5 t o  15 km, w i t h  a v e r t i c a l  r e s o l u t i o n  of  1 km. 
The h o r i z o n t a l  b a r s  on t h e  diagram show t h e  mean a l t i t u d e  of  t h e  t ropopause  
f o r  each  four-week pe r iod .  The i n t e r v a l  5-15 km was chosen t o  show behavior 
i n  t h e  lower s t r a t o s p h e r e ,  a s  w e l l  a s  t h a t  i n  t h e  upper t roposphe re .  Some 
t r o p o s p h e r i c  d a t a  below 5 km i s  a v a i l a b l e  but  t h e  q u a n t i t y  i s  low and 
s t a t i s t i c a l  f l u c t u a t i o n s  i n  t h e  mode v a l u e s  a r e  l a r g e ;  f o r  t h i s  r eason ,  i t  
has  n o t  been p l o t t e d .  It may a l s o  be noted t h a t  F igu re  2.11 shows some d a t a  
mis s ing  above 5 km; t h i s  occurrence i s  cmmon a f t e r  v o l c a n i c  i n j e c t i o n  i n t o  
t h e  upper t roposphe re  and lower s t r a t o s p h e r e  h a s  r a i s e d  t h e  e x t i n c t i o n  t o  
such a l e v e l  t h a t  t h e  s i g n a l  r ece ived  from t h e  sun a t  t h e  s a t e l l i t e  f a l l s  
below t h e  t h r e s h o l d  o f  d e t e c t i o n  of t h e  ins t rument .  The q u a n t i t y  p l o t t e d  i n  
t h e  f i g u r e  i s  t h e  aerosol /molecular  e x t i n c t i o n  r a t i o  a t  t h e  a e r o s o l  mode as 
shown i n  F igu re  2.10. S i x  l e v e l s  of e x t i n c t i o n  r a t i o  a r e  shown cove r ing  most 
o f  t h e  v a l u e s  encountered i n  t h e  non-volcanic s i t u a t i o n .  
. F i g u r e  2.1  I ( a )  shows d a t a  f o r  t h e  A n t a r c t i c  Region. I n  t h e  s t r a t o s p h e r e ,  
t h e  s e a s o n a l  c y c l e  i s  c l e a r l y  ev ident  w i th  e x t i n c t i o n  maxima occur ing  i n  
June-August i n  each yea r  ( a s soc ia t ed  w i t h  t h e  formation of p o l a r  
s t r a t o s p h e r i c  c l o u d s ) .  There i s  a l s o  a g radua l  i n c r e a s e  i n  t h e  e x t i n c t i o n  
r a t i o  between 1979 and 1981, most l i k e l y  a s s o c i a t e d  wi th  t h e  e r u p t i o n  o f  
S i e r r a  Negra i n  l a t e  1979. I n  the t roposphe re ,  t h e r e  i s  a h igh  degree  of 
v e r t i c a l  un i fo rmi ty  i n  e x t i n c t i o n  r a t i o .  There i s  a l s o  a weak s e a s o n a l  c y c l e  
w i t h  minimum v a l u e s  i n  t h e  Apr i l - Ju ly  t i m e  frame. F igu re  2. I l ( b )  shows t h e  
v a r i a t i o n  o f  t h e  same q u a n t i t y  fo r  t h e  Northern Hemisphere. I n  g e n e r a l ,  
v a l u e s  are h i g h e r  t han  i n  t h e  Southern Hemisphere even b e f o r e  t h e  e r u p t i o n s  
of S t .  Helens i n  1980 and Alaid i n  1981 produced v e r y  h igh  e x t i n c t i o n  
r a t i o s .  There i s  a l s o  a s t r o n g  s e a s o n a l  c y c l e  w i t h  maxima i n  t h e  summer 
p e r i o d  t h a t  is  p a r t i a l l y  masked by t h e  v o l c a n i c  e f f e c t s  i n  1980-1981. Summer 
1979 and l a t e  Spr ing  1980, p r i o r  t o  t h e  May e r u p t i o n  o f  S t .  Helens ,  show 
uni formly  h igh  v a l u e s  o f  e x t i n c t i o n  r a t i o  up t o  t h e  t ropopause  i n d i c a t i n g  a 
h igh  degree  o f  v e r t i c a l  mixing. The w i n t e r s  of 1978-1979, 1979-1980, and 
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Figure  2.11. Shaded contour  p l o t s  of SAM I1 aerosol /molecular  e x t i n c t i o n  
r a t i o s  f o r  ( a )  Southern hemisphere,  (b) Northern hemisphere,  
October 1979 - September 1981. Time i n t e r v a l  i s  f o u r  weeks, 
he ight  i n t e r v a l  i s  one k i lome te r .  The s h o r t  h o r i z o n t a l  b a r s  
on t h e  p l o t s  show t h e  t ropopause a l t i t u d e s .  
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1980-1981 show low e x t i n c t i o n  r a t i o s  ( a s  i n  t h e  A n t a r c t i c  Region),  even i n  
1980-1981 when t h e  v o l c a n i c  e f f e c t s  might be expected t o  be impor tan t .  
I n  summary 
1.  E x t i n c t i o n  r a t i o  va lues  a re  h i g h e r  i n  t h e  Northern Hemisphere. 
2.  There i s  a seasona l  c y c l e  i n  both  hemispheres w i t h  maxima i n  l o c a l  
Spring-Summer and minima i n  l o c a l  f a l l -w in te r .  
3. There i s  a h igh  degree  of v e r t i c a l  un i fo rmi ty  i n  t h e  e x t i n c t i o n  r a t i o  
f o r  a l t i t u d e s  between 5 km and t h e  tropopause.  
4. Volcanic e f f e c t s  a r e  s t rong  i n  t h e  upper t roposphe re ,  as w e l l  as t h e  
s t r a t o s p h e r e  but  do not  t o t a l l y  mask t h e  seasona l  cyc le .  
2.10 The Aging Process  o f  Aerosol P a r t i c l e s  i n  t h e  S t r a t o s p h e r e  
I n  s i t u  measurements o f  s t r a t o s p h e r i c  a e r o s o l s  a t  d i f f e r e n t  l a t i t u d e s  
have shown t h a t  l a r g e  numbers o f  small  p a r t i c l e s  ex is t  i n  t h e  t r o p i c a l  zone, 
and t h a t  t h e  a e r o s o l  l a y e r  extended from h i g h e r  a l t i t u d e s  nea r  t h e  equa to r  t o  
lower ones a t  h ighe r  l a t i t u d e s .  This  behavior  i n d i c a t e s  t h a t  t h e  upper 
t roposphe re  i n  t r o p i c a l  r eg ions  may be a source  of condensa t ion  n u c l e i  i n  t h e  
s t r a t o s p h e r e  and t h a t  t h e s e  p a r t i c l e s  mature as they move t o  h i g h e r  a l t i t u d e s  
and l a t i t u d e s .  
I n  t h i s  s tudy ,  t h e  a e r o s o l  e x t i n c t i o n s  measured a t  0.45 pm and 1.0 pm 
from t h e  SAGE I d a t a  se t  were u t i l i z e d  t o  deduce t h e  a e r o s o l  s i z e  
d i s t r i b u t i o n  (See S e c t i o n  7.1.  Ret r i eva l  of  Aerosol P r o p e r t i e s  from Aerosol  
E x t i n c t i o n  R a t i o s  a t  0.45 pm and 1.0 p m ) .  I n  o r d e r  t o  f i n d  o u t  t h e  
l a t i t u d i n a l  and a l t i t u d i n a l  v a r i a t i o n  o f  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n ,  t h e  
atmosphere was d iv ided  i n t o  a g r id  c o n s i s t i n g  of 1 km i n t e r v a l s  i n  a l t i t u d e  
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and 5' i n t e r v a l s  i n  l a t i t u d e .  The a l t i t u d e s  under c o n s i d e r a t i o n  ranged from 
10 km t o  25 km and t h e  l a t i t u d e s  from 55's t o  SOON. The 25 km upper l i m i t  f o r  
a l t i t u d e  was necessary  s i n c e  0.45 p m  e x t i n c t i o n  v a l u e s  a t  a l t i t u d e s  above 25 
km have much l a r g e r  e r r o r  b a r s .  For each g r i d p o i n t ,  t h e  average  v a l u e  o f  t h e  
r a t i o  of e x t i n c t i o n s  a t  t h e  two wavelengths f o r  t h e  same month o f  SAGE I d a t a  
was c a l c u l a t e d .  T h i s  v a l u e  was then  conve r t ed  t o  mode r a d i u s  i n  t h e  assumed 
lognormal s i z e  d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s .  The v a r i a t i o n  o f  mode 
r a d i u s  wi th  l a t i t u d e  and a l t i t u d e  was then  s t u d i e d .  Although only March 1979 
and A p r i l  1979 d a t a  were ana lyzed ,  our  r e s u l t s  suppor t  t h e  view t h a t  a e r o s o l s  
grow as they  rise through t h e  s t r a t o s p h e r e  a s  p r e d i c t e d  by t h e  modeling 
r e s u l t s  of  Turco e t  a l .  , ( 1979) and concluded by d i f f e r e n t  e x p e r i m e n t a l i s t s ,  
i n c l u d i n g  Bigg (1976), Farlow ( 19791, and Oberbeck e t  a l .  , ( 1981). Th i s  work 
has  been published i n  Geophysics Research Letters (Yue and Deepak, Geophys. 
Res. L e t t . , g ,  999-1002, 1984). The a b s t r a c t  i s  inc luded  as Appendix F. 
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3. TASK 2--TO INVESTIGATE THE CORRELATION OF STRATOSPHERIC AEROSOLS, 0 AND 
3 
No2, WITH EACH OTHER AND VARIOUS METEOROLOGICAL PARAMETERS 
3.1 c o r r e l a t i o n  Between Aerosol  Optical P r o p e r t i e s  and 30 mb P r e s s u r e  Height 
( i n c l u d e s  work c a r r i e d  out under Task Area 7) 
3.1.1 I n t r o d u c t i o n  
Aerosol o p t i c a l  d e p t h s  a t  1 p m  wavelength above 18 km, der ived  from t h e  
S t r a t o s p h e r i c  Aerosol  Measurement (SAM 11) on February 1 ,  1983, were shown t o  
be lower by approximate ly  one order  o f  magnitude w i t h i n  t h e  p o l a r  v o r t e x  than  
t h o s e  o u t s i d e  (McCormick e t  a l . ,  1983). T h i s  r e s u l t  i n d i c a t e s  t h e  e f f e c t  o f  
w i n t e r  c i r c u l a t i o n  on t h e  d i s t r i b u t i o n  of  a e r o s o l s  d u r i n g  t h e  v i n t e r  season .  
The downward motion i n  t h e  polar  r e g i o n  d u r i n g  t h e  development s t a g e  o f  t h e  
c i rcumpolar  v o r t e x ,  can be t h e  major r eason  f o r  t h i s  f e a t u r e  s i n c e  t h e  
a e r o s o l  e x t i n c t  i on  d e c r e a s e s  w i t h  a l t i t u d e .  Furthermore,  t h e  r e l a t i v e l y  low 
a e r o s o l  o p t i c a l  depth is  a l s o  e v i d e n t  d u r i n g  pe r iods  o f  s t r a t o s p h e r i c  
warmings when t h e  c i rcumpolar  vo r t ex  i s  s u b s t a n t i a l l y  d i s t u r b e d  by a m p l i f i e d  
p l a n e t a r y  waves, (Wang and McCormick, 1985; s e e  a l s o  Sec t ion  5.2) .  The r eason  
f o r  t h i s  i s  t h a t  t h e  a i r  mass wi th in  t h e  low p r e s s u r e  sys tem(s)  i s  l a r g e l y  
I 
a b l e  t o  p re se rve  i t s  p o l a r  c h a r a c t e r i s t i c s  as t h e  p l a n e t a r y  waves i n t e n s i f y .  
Cross-contour mixing i s  r a t h e r  i n e f f i c i e n t  due t o  t h e  p r e v a i l i n g  geos toph ic  
ba l ance ,  (Wang and McCormick, 1985; See S e c t i o n  5 . 2 ) .  Aerosol e x t i n c t i o n  d a t a  
from both SAM I1 and SAGE f o r  four s e l e c t e d  days i n  d i f f e r e n t  y e a r s  taken  i n  
t h e  h igh  l a t i t u d e  Northern Hemisphere, were used i n  t h a t  a n a l y s i s .  (The 
r e s u l t s  ob ta ined  have been f u r t h e r  s u b s t a n t i a t e d  u s i n g  SAGE O3 and NO2 
d a t a . )  The resu l t s  of Wang and McCormick ( 1985), sugges t  t h a t  a s i g n i f i c a n t  
I .  The development of  t h e  downward motion and t h e  p o l a r  v o r t e x  has  been 
d i s c u s s e d  i n  t h e  model a n a l y s e s  by Leovy ( 1 9 6 4 )  and Holton and Wehrbein 
(19801, and a l s o  i n  t h e  t e x t s  by Craig (1965)  and Holton (1975). 
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c o r r e l a t i o n  exis ts  between t h e  a e r o s o l  o p t i c a l  depth  (above 20 km) and t h e  
h e i g h t  a t  30 mb pressure l e v e l .  The work p resen ted  h e r e  i s  devoted t o  t h e  
i n v e s t i g a t i o n  of t h i s  c o r r e l a t i o n .  I n  t h i s  s t u d y ,  w e  have used almost a l l  
t h e  SAM I1 measurements du r ing  p e r i o d s  when t h e  s t r a t o s p h e r i c  p l a n e t a r y  waves 
are most a c t i v e .  
3.1.2 Approach 
The A r c t i c  e x t i n c t i o n  p r o f i l e s  from Janua ry  t o  March o f  t h e  f i r s t  f o u r  
y e a r s  o f  SAM I1 measurements (1979-1982) have been used t o  s tudy  t h e  l i n e a r  
c o r r e l a t i o n  between a e r o s o l  o p t i c a l  depth  and 30 mb h e i g h t .  The e x t i n c t i o n  
p r o f i l e s  f o r  t h e  same pe r iod  i n  1983 a r e  found showing enhanced a e r o s o l  
l o a d i n g  due t o  t h e  e f f e c t s  of t h e  E l  Chichon v o l c a n i c  e r u p t i o n .  For t h i s  
r ea son ,  t h e  SAM I1 measurements made i n  1983 have no t  been inc luded  i n  t h i s  
s tudy .  I n  a d d i t i o n ,  l a r g e  v a r i a t i o n s  i n  e x t i n c t i o n  a s s o c i a t e d  w i t h  p o l a r  
s t r a t o s p h e r i c  c l o u d s  have been r e p o r t e d  (McCormick e t  a l . ,  1982). For our 
purpose,  i t  was necessa ry  t o  f i l t e r  o u t  t h o s e  s p e c i a l  e v e n t s  by i n c l u d i n g  
only  p r o f i l e s  above 14 km f o r  which t h e  SAM I1 e x t i n c t i o n  r a t i o  i s  less than 
4. We have a l s o  i n v e s t i g a t e d  t h e  r e s u l t s  ob ta ined  when us ing  e x t i n c t i o n  
r a t i o s  o f  3.5 and 4 . 5  a s  t h e  c r i t e r i o n .  The change i n  t h e  c a l c u l a t e d  resu l t s  
was found t o  be l e s s  than 2X u s i n g  t h e s e  t h r e e  a l t e r n a t i v e s .  
3.1.3 R e s u l t s  and d i s c u s s i o n  
The a n a l y s i s  of  t h e  l i n e a r  c o r r e l a t i o n  between a e r o s o l  o p t i c a l  depth  
(above 20 km) and t h e  he igh t  o f  t h e  30 mb p r e s s u r e  l e v e l  f o r  January-March 
1979 is disp layed  i n  F igu re  3.1 .  I n  t h e  d e r i v a t i o n  o f  t h e  c o r r e l a t i o n  
c o e f f i c i e n t ,  t h e  30 mb h e i g h t  h a s  been taken  a s  t h e  dependent v a r i a b l e .  
There are 1036 d a t a  p a i r s  i n  t h i s  1979 c a s e .  The c o n s t a n t  ( a )  and slope ( b )  
f o r  a l i n e a r  l e a s t - s q u a r e  f i t  were found t o  be 2 2 . 1  and 2 . 6 9  x 10 , 3 
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Figure  3 . 1 .  Linear  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  depth  (above 
20 km) and a s soc ia t ed  30 m b  h e i g h t  f o r  d a t a  from January 
t o  March 1979. 
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r e s p e c t i v e l y .  The computed l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  is  0.834. Th i s  
r e s u l t  i n d i c a t e s  a s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  between t h e  a e r o s o l  
o p t i c a l  dep th  and t h e  30 mb h e i g h t .  T h i s  r e l a t i o n s h i p  is  a l s o  i l l u s t r a t e d  i n  
F i g u r e  3.2 which shows 3-D p r o j e c t i v e  p l o t s  o f  t h e  a e r o s o l  o p t i c a l  depth  
( F i g u r e  3.2a) and t h e  30 mb he ight  (F igu re  3.2b) as f u n c t i o n s  o f  l o n g i t u d e  
and t i m e  (day) .  The pe r iod  f o r  these  p l o t s  i s  from February 24 t o  March 2 ,  
1979. Although t h e  r e s u l t s  f o r  a e r o s o l  o p t i c a l  depth  (F igu re  3.2a) e x h i b i t  
more f i n e  s t r u c t u r e s  than  t h a t  of  h e i g h t  f i e l d ,  t h e i r  s p a t i a l  and temporal 
v a r i a t i o n s  are,  as a whole, s i m i l a r .  
The r e s u l t s  f o r  t h e  1980 d a t a  a r e  g iven  i n  F igu re  3.3. I n  t h i s  c a s e ,  t h e  
c o e f f i c i e n t s  a and b a r e  found t o  be 22.3 and 1.81 x 10 , r e s p e c t i v e l y .  The 
v a l u e  o f  t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t  i s  0.525, de r ived  from 853 d a t a  
3 
p a i r s .  I n  c o n t r a s t  t o  t h e  1979 c a s e ,  t h e  l i n e a r  c o r r e l a t i o n  i n  1980 is  
r e l a t i v e l y  poor. We have i n v e s t i g a t e d  t h i s  p a r t i c u l a r  c a s e  i n  some d e t a i l  
and w i l l  d i s c u s s  t h e  r e s u l t s  l a t e r .  
F igu re  3.4 shows t h e  r e s u l t s  of  t h e  a n a l y s i s  f o r  1981. The number o f  
d a t a  p a i r s  used i n  t h i s  c a l c u l a t i o n  i s  647. The l i n e a r  l ea s t - squa res  f i t t i n g  
y i e l d s  a c o n s t a n t  22.4 and a slope 2.47 x 10 . The c a l c u l a t e d  c o r r e l a t i o n  3 
c o e f f i c i e n t  i s  0.753. Although t h i s  v a l u e  i s  less than  t h a t  o f  1979 c a s e ,  t h e  
l i n e a r  c o r r e l a t i o n  between a e r o s o l  o p t i c a l  depth  and h e i g h t  i s  s i g n i f i c a n t .  
The r e s u l t  of t h e  a n a l y s i s  fo r  January-March 1982 i s  d i sp layed  i n  F igu re  
3.5. The number o f  d a t a  p a i r s  employed i n  t h e  c a l c u l a t i o n  i s  918. The v a l u e s  
f o r  a and b a r e  found t o  be 22.1 and 2.19 x 10 , r e s p e c t i v e l y .  The l i n e a r  
c o r r e l a t i o n  c o e f f i c i e n t  i s  0.812. Thus, t h e r e  i s  a s i g n i f i c a n t  c o r r e l a t i o n  
between a e r o s o l  o p t i c a l  depth and 30 mb h e i g h t .  The degree  o f  t h e  l i n e a r  
3 
(a) AEROSOL OPTICAL DEPTH 
(b) HEIGHT OF 30 MB 
Figure  3 . 2 .  P r o j e c t i o n  p l o t s  of SAM I1 a e r o s o l  o p t i c a l  depth  ( a )  and 
a s s o c i a t e d  30 m b  he ight  (b) as f u n c t i o n s  of l o n g i t u d e  and 
t i m e  from January  24 - March 2 ,  1979. 
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Figure  3 . 3 .  Linea r  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  depth  
(above 20 km) and a s s o c i a t e d  30 mb h e i g h t  from January  
t o  March 1980. 
52 
ORIGINAL ?AGE 1s 
OF POOR QUALITY 
1981 
JANUARY-MARCH 
L I N E A R  CORRELATION,  y = a + b x  
a =  22.4, b= 2.47 x IO3 
L I N E A R  CORRELATION C O E F F  = .753 
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Figure  3 . 4 .  Linea r  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  depth  
(above 20 km) and a s s o c i a t e d  30 mb h e i g h t  from January t o  
March 1981. 
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JANUARY-MARCH 
L I N E A R  CORRELATION,  y = o t b x  
a =  22.1, b =  2.19 x IO3 
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Figure  3.5. Linear  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  depth  
(above 20 km) and a s s o c i a t e d  30 mb h e i g h t  from January 
t o  March 1982. 
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c o r r e l a t i o n  shown i n  t h i s  case i s  comparable w i t h  that  of 1979. Table  3.1 
summarizes t h e  r e s u l t s  of t h e  f o u r  d e s c r i b e d  cases. 
To examine t h e  January-March 1980 case i n  d e t a i l ,  t h e  c o r r e l a t i o n  
a n a l y s i s  h a s  been a p p l i e d  s e p a r a t e l y  t o  t h e  t h r e e  i n d i v i d u a l  months o f  1980. 
The r e s u l t s  are  shown i n  F igu res  3.6a t o  3 . 6 ~  and a r e  summarized i n  Table  
3.2. As one may see, s i g n i f i c a n t  c o r r e l a t i o n  v a l u e s  f o r  t h e  i n d i v i d u a l  months 
are e v i d e n t .  A q u e s t i o n  i s  why the  c o r r e l a t i o n  is  lower when i t  i s  e v a l u a t e d  
wi th  t h r e e  months a l l  t o g e t h e r .  It i s  found t h a t  t h e  30 mb h e i g h t s  f o r  each 
of  t h e  t h r e e  monthly d a t a  sets are s u b s t a n t i a l l y  d i f f e r e n t  from each o t h e r .  
Th i s  i s  appa ren t  from F igure  3.7 where F igure  3.6 a-c a r e  r e p l o t t e d  on t o p  of 
each o t h e r  and are  l a b e l l e d  d i f f e r e n t l y  f o r  d i f f e r e n t  months. The d a t a  p a i r s  
i n  January  are shown by c r o s s e s  (t), February by c i r c l e s  ( 0 1 ,  and March by 
t r i a n g l e s ( A 1 .  The March d a t a  set  as a whole i s  c h a r a c t e r i z e d  by t h e  h i g h e s t  
30 mb h e i g h t ,  t h e  January  d a t a  set  by t h e  lowes t ,  wh i l e  t h e  February d a t a  set  
is in t e rmed ia t e .  S ince  t h e  atmosphere i s  ve ry  c l o s e  t o  h y d r o s t a t i c  
e q u i l i b r i u m ,  t h e  g r e a t e r  30 mb h e i g h t  imp l i e s  g e n e r a l l y  t h e  h i g h e r  
tempera ture .  Th i s  f e a t u r e  i s  ev ident  i n  F i g u r e  3.8 which a l s o  shows t h e  SAM 
I1 e x t i n c t i o n  and t h e  corresponding t empera tu re  a t  30 mb. The d a t a  p a i r s  f o r  
d i f f e r e n t  months a r e  l a b e l e d  a s  i n  F igu re  3.7. Figure  3.8 i n d i c a t e s  t h a t  t h e  
tempera ture  i n  March a s  a whole i s  indeed t h e  h i g h e s t ,  J anua ry  h a s  t h e  lowest 
tempera ture ,  and t h a t  February i s  i n t e r m e d i a t e .  I n  conc lus ion ,  t h e  
c o r r e l a t i o n  f o r  January-March 1980 (F igu re  3.3) i s  s t r o n g l y  dependent upon 
t h e  temporal v a r i a t i o n s  o f  t h e  s t r a t o s p h e r i c  tempera ture  i n  t h e  p o l a r  r e g i o n ,  
which do no t  seem t o  be as s i g n i f i c a n t  i n  1979, 1981, and 1982. 
3.1.4 Remarks 
January t o  March a e r o s o l  e x t i n c t i o n  p r o f i l e s  from 1979 t o  1982, d e r i v e d  
from SAM I1 measurements and t h e  a s s o c i a t e d  m e t e o r o l o g i c a l  i n fo rma t ion ,  have 
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TABLE 3.1. Linear  C o r r e l a t i o n  between SAM I1 Aerosol  
O p t i c a l  Depth and Assoc ia ted  30 mb Height 
from January t o  March. 
Year No. of data points at b+ O* 
x 107 
1979 1036 22.1 2.69 0.834 
1980 853 22.3 1.81 0.525 
1981 647 22.4 2.47 0.753 
1982 918 22.1 2.19 0.812 
?a and b a r e  t h e  c o e f f i c i e n t s  of a l i n e a r  l e a s t - s q u a r e s :  
f i t t i n g  
*CS is t h e  l i n e a r  c o r r e l a t i o n  c o e f f i c i e n t .  
(y = a + bx) 
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Figure  3 . 6 .  Linea r  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  
depth  (above 20 km) and a s s o c i a t e d  30 mb h e i g h t  
f o r  1980. ( a )  January.  
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Figure 3 . 6  (continued). (b) February. 
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LINEAR CORRELATION COEFF = 3 1 3  
21 
g 23 
0 m 
- - - I I I I I I I I I I 
LL 
0 
#- 
I 23 a 
CI 
W 
I 
22 
+ 
+w)+ + + + + +  + + * + +  + +u+ +M++ + # + +  
M + w +  + +  + +*.uw + + *  + +  -+  + 
4wol++ + *  + 
+t ++ * 
*IcI)** ** + +* + -.--" ++ 
Figure 3 . 6  (continued).  (c) March. 
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TABLE 3.2. Linear Correlation between SAM I1 Aerosol 
Optical Depth and Associated 30 mb Height 
(1980) . 
Month No. of data points at bt 0. 
( x 103) 
January 279 21.9 2.05 0.748 
February 279 21.0 2.97 0.760 
March 277 22.8 2.10 0.81 3 
ta and b are the coefficients of a linear least-squares 
fitting (y = a + bx). 
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Figure  3.7. L inear  c o r r e l a t i o n  between SAM I1 a e r o s o l  o p t i c a l  
depth (above 20 km) and a s s o c i a t e d  30 mb h e i g h t  
f o r  1980. Composite diagram. 
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Figure  3 . 8 .  SAM I1 a e r o s o l  e x t i n c t i o n  d a t a  a t  30 mb f o r  January-March 
1980. 
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been used t o  s tudy  t h e  degree  o f  l i n e a r  c o r r e l a t i o n  between a e r o s o l  o p t i c a l  
dep th  (above 20 km) and t h e  he igh t  o f  t h e  30 mb p r e s s u r e  l e v e l .  S i g n i f i c a n t  
p o s i t i v e  c o r r e l a t i o n  i s  found f o r  a l l  t h e  y e a r s  excep t  1980. However, f o r  
1980, s i g n i f i c a n t  c o r r e l a t i o n  does e x i s t  i f  t h e  d a t a  i s  analyzed on a monthly 
b a s i s .  The d i f f e r e n t  c o r r e l a t i o n  behavior f o r  1980 when t h e  t h r e e  months a r e  
cons ide red  t o g e t h e r  can be a t t r i b u t e d  t o  t h e  s u b s t a n t i a l  t empera ture  r ise i n  
t h e  Arctic Region between January  t o  March 1980. It should  be noted t h a t  t h i s  
i s  a pe r iod  of  s t r a t o s p h e r i c  warming a s s o c i a t e d  wi th  ampl i fy ing  p l a n e t a r y  
waves i n  t h e  p o l a r  r eg ion .  There i s  c o n s i d e r a b l e  v a r i a b i l i t y  i n  t h e  
m a n i f e s t a t i o n  o f  t h e  warming events  and ampl i fy ing  p l a n e t a r y  waves from yea r  
t o  yea r  (Schorbe l ,  1978, Labi tzke ,  1981, Lab i t zke  and Gore tzk i ,  1982). The 
r e s u ' l t s  i n  t h i s  s tudy  may i n d i c a t e  a l s o  t h a t  t h e  change i n  t h e  c i r c u l a t i o n  
p a t t e r n  from Winter t o  Summer f o r  1979-1980 took  p l a c e  much l a t e r  i n  
comparison w i t h  w h a t  happened i n  t h e  o t h e r  t h r e e  cases. This  seems t o  be 
suppor t ed  by t h e  s tudy  of  Labi tzke  (1981) and Lab i t zke  and Gore t sk i  (1982).  
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4. TASK 3--TO INVESTIGATE THE INJECTION OF VOLCANIC MATERIALS INTO THE 
STRATOSPHERE, INCLUDING GLOBAL LOADING AND TRANSPORT ( i n c l u d e s  work 
c a r r i e d  o u t  under Task Area 8) 
4 .1  Volcanic Loading and Transpor t  
S e v e r a l  v o l c a n i c  e r u p t i o n s  between 1979 and 1981 i n j e c t e d  s o l i d  and 
gaseous  material i n t o  t h e  s t r a t o s p h e r e ,  r a i s i n g  t h e  mass of  a e r o s o l  s t o r e d  
t h e r e .  The r e s u l t a n t  changes i n  I p m  a e r o s o l  e x t i n c t i o n  were monitored by 
SAM I1 and SAGE I g i v i n g  an  almost g l o b a l  p i c t u r e  o f  t h e  development and 
movement o f  t h e  a e r o s o l .  The a e r o s o l  e x t i n c t i o n  was used t o  c a l c u l a t e  
approximate v a l u e s  f o r  t h e  ae roso l  mass load ing  i n  t h e  s t r a t o s p h e r e .  From 
t h e s e  v a l u e s  t h e  g l o b a l  background mass load ing  has  been determined f o r  t h e  
p r e v o l c a n i c  p e r i o d  of  1979, toge ther  w i th  an estimate o f  t h e  seasona l  
v a r i a t i o n  o f  t h i s  q u a n t i t y  i n  each hemisphere. The changes i n  a e r o s o l  
e x t i n c t i o n  i n  1980 and 1981, following each v o l c a n i c  e r u p t i o n ,  have been used 
t o  c a l c u l a t e  t h e  mass o f  ae roso l  i n j e c t e d  i n t o  t h e  s t r a t o s p h e r e  by each 
e r u p t i o n .  The manner i n  which the material  i n j e c t e d  by t h e s e  e r u p t i o n s  h a s  
d i v i d e d  i t s e l f  between t h e  Northern and Southern Hemispheres has  pe rmi t t ed  
some g e n e r a l  conc lus ions  t o  be drawn about s t r a t o s p h e r i c  c i r c u l a t i o n  
f e a t u r e s .  
The a n a l y s i s  d e s c r i b e d  above has  been publ i shed  i n  t h e  J o u r n a l  o f  
Geophysical Research (Kent and McCormick, 19841, t h e  a b s t r a c t  f o r  t h i s  
p u b l i c a t i o n  i s  g iven  i n  Appendix G. A d d i t i o n a l  a n a l y s i s  o f  t h e  same d a t a  set 
d e s c r i b i n g  t h e  r a t e s  o f  changes o f  a e r o s o l  mass load ing  fo l lowing  each 
e r u p t i o n  i s  g iven  i n  Sec t ion  6.1 of t h i s  r e p o r t .  
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5 .  TASK 4--TO INVESTIGATE STRATOSPHERIC PLANETARY WAVES AND THEIR EFFECT ON 
TRANSPORT OF AEROSOLS, O3 and NO2 
5 .  I Aerosol  E x t i n c t i o n  and Temperature Changes Assoc ia t ed  wi th  P l a n e t a r y  
Waves 
Th i s  s e c t i o n  summarizes t h e  a n a l y s i s  o f  behav io r  o f  t h e  zonal  mean 
a e r o s o l  e x t i n c t i o n  r a t i o  and i t s  r e l a t i o n s h i p  wi th  t h e  zonal  mean t empera tu re  
d u r i n g  t h e  w i n t e r  o f  1978-1979 s t r a t o s p h e r i c  warming. The d e t a i l e d  
d e s c r i p t i o n  of t h e  i n v e s t i g a t i o n  can be found i n  t h e  r e p o r t  by Wang and 
McCormick (1985a, Appendix H). It i s  g e n e r a l l y  understood t h a t  t h e  
d i s t r i b u t i o n  o f  s t r a t o s p h e r i c  a e r o s o l s  i s  s t r o n g l y  in f luenced  by a e r o s o l  
microphys ics  and atmospheric dynamics. By examining t h e  concur ren t  
v a r i a t i o n s  of a e r o s o l  e x t i n c t i o n  r a t i o  and t empera tu re ,  i t  i s  p o s s i b l e  t o  
r e c o g n i z e  t h e  key mechanism which c o n t r o l s  t h e  d i s t r i b u t i o n  o f  s t r a t o s p h e r i c  
a e r o s o l s .  It  i s  found t h a t ,  based on SAM I1 a e r o s o l  e x t i n c t i o n  measurements, 
t h e  zona l  mean a e r o s o l  e x t i n c t i o n  r a t i o  e x h i b i t s  d i s t i n c t  v a r i a t i o n s  d u r i n g  
t h e  January-February 1979 s t r a t o s p h e r i c  sudden warming; and t h a t  t h e  
t r a n s p o r t  e f f e c t  o f  p l a n e t a r y  waves may have p layed  a s i g n i f i c a n t  r o l e  i n  
de te rmining  t h e  d i s t r i b u t i o n  of values  observed. 
5.2 V a r i a t i o n s  o f  Aerosol ,  O3 and NO Concen t r a t ions  d u r i n g  S t r a t o s p h e r i c  2 
Warmings 
I n  t h e  prev ious  s e c t i o n ,  we have examined t h e  e f f e c t  o f  p l a n e t a r y  waves 
on t h e  d i s t r i b u t i o n s  of  s t r a t o s p h e r i c  a e r o s o l s .  I n  t h i s  s e c t i o n ,  t h e  
v a r i a t i o n s  o f  s t r a t o s p h e r i c  a e r o s o l s ,  and O3 and NO2 c o n c e n t r a t i o n s  d u r i n g  
s t r a t o s p h e r i c  warmings are i n v e s t i g a t e d  by u t i l i z i n g  both  SAM I1 and SAGE I 
o b s e r v a t i o n s .  Four s p e c i f i c  d a t a  sets t aken  d u r i n g  t h e  peak development o f  
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p l a n e t a r y  waves have been s e l e c t e d  f o r  t h i s  a n a l y s i s .  A s  mentioned e a r l i e r ,  
bo th  SAM I1 and SAGE I ins t rumen t s  p rov ide  about 15 measurements pe r  day 
d i s t r i b u t e d  along an approximately c o n s t a n t  l a t i t u d e  a t  h igh  l a t i t u d e s .  T h i s  
measurement c h a r a c t e r i s t i c  a l lows  us t o  examine t h e  v a r i a t i o n s  o f  t h e  SAM I1 
and SAGE I measured s p e c i e s  t h a t  are  a s s o c i a t e d  wi th  a m p l i f i e d  p l a n e t a r y  
waves. It i s  found t h a t  t h e r e  i s  a s t r o n g  c o r r e l a t i o n  between t h e  30 mb 
p r e s s u r e  he ight  and t h e  a e r o s o l  o p t i c a l  depth ( a t  1 y e a r ) .  S t rong  
l o n g i t u d i n a l  g r a d i e n t s  a r e  found w i t h  t h e  low v a l u e s  o c c u r r i n g  w i t h i n  and 
wherever t h e  vo r t ex  ex is t s .  S i m i l a r  c h a r a c t e r i s t i c s  are  a l s o  found t o  e x i s t  
f o r  t h e  s imul taneous ly  observed SAGE O3 and NO2 columnar d e n s i t y  
d i s t r i b u t i o n s .  The d e t a i l  o f  t h i s  a n a l y s i s  can be found i n  Wang and 
McCormick ( 1985b , Appendix I. 
5.3 Ozone and Temperature Changes and Assoc ia ted  F luxes  During t h e  
Mid-February 1981 S t r a t o s p h e r i c  Warming 
5.3.1. I n t r o d u c t i o n  
In  a sense, obse rva t ion  o f  t h e  development o f  l a rge - sca l e  s t r a t o s p h e r i c  
ozone and temperature waves d u r i n g  t h e  W i n t e r  a t  h igh  l a t i t u d e s  would p rov ide  
a unique  oppor tun i ty  f o r  comparison wi th  t h e o r e t i c a l  model p r e d i c t  ion t o  
assess c u r r e n t  unde r s t and ing  o f  t h e  behavior  o f  t h e  s t r a t o s p h e r i c  ozone. The 
development of t h e s e  l a r g e - s c a l e  waves a s  a response  o f  t h e  s t r a t o s p h e r e  t o  
t r o p o s p h e r i c  d i s t u r b a n c e s  and a l s o  t h e  t r a n s p o r t  e f f e c t s  of t h e s e  waves have 
been i n v e s t i g a t e d  u s i n g  t h e o r e t i c a l  models (Hartmann and Garc i a ,  1979; Garc i a  
and Hartman, 1980; Kawahira, 1982; Kurziga e t  a l . ,  1984; Rood and Schoeber l ,  
1983a,b, e t c . ) .  Meanwhile, s t u d i e s  based on s a t e l l i t e  o b s e r v a t i o n s  are 
becoming a v a i l a b l e  ( B a r n e t t  e t  a l . ,  1975; G i l l e  e t  a l . ,  1980; Nagatani and 
Miller, 1984; Wu e t  a l . ,  1985). I n  a d d i t i o n ,  ozone d a t a  based on t h e  
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S t r a t o s p h e r i c  Aerosol and Gas Experiment (SAGE) have been used i n  con junc t ion  
wi th  t h e  a s s o c i a t e d  me teo ro log ica l  in format ion  t o  s tudy  t h e  behavior  of 
p l a n e t a r y  waves o f  ozone and tempera ture ,  and t h e i r  wave t r a n s p o r t s  d u r i n g  
t h e  l a t e  February 1979 s t r a t o s p h e r i c  warming (Wang, McCormick and Chu, 1983). 
Even though t h e  a n a l y s i s  d i d  n o t  d e r i v e  t h e  d e t a i l e d  ozone budgets due t o  
i n s u f f i c i e n t  d a t a ,  t h e  r e s u l t s  i n  Wang, McCormick and Chu, (1983) show many 
i n t e r e s t i n g  f e a t u r e s .  More s p e c i f i c a l l y ,  t h e  ozone and tempera ture  waves are 
shown t o  be  in-phase i n  t h e  lower s t r a t o s p h e r e  (below Q25 km), out-of-phase 
i n  t h e  upper s t r a t o s p h e r e  (above Q38 km), w i th  a t r a n s i t i o n  r e g i o n  i n  
between. I n  t h e  upper s t r a t o s p h e r e ,  a n  i n t e n s e  equatorward eddy ozone 
t r a n s p o r t  w a s  shown t o  be accompanied by a poleward eddy h e a t  t r a n s p o r t  
d u r i n g  t h i s  s p e c i f i c  warming. The a n a l y s i s  i n  Wang, McCormick and Chu (1983) 
also shows a r a p i d  i n c r e a s e  i n  ozone column d e n s i t y  above 10 km over t h e  d a t a  
p e r i o d  analyzed. T h i s  i n c r e a s e  was found t o  be  p r i m a r i l y  a response  t o  t h e  
change o f  zonal  mean ozone number d e n s i t y  i n  t h e  lower s t r a t o s p h e r e .  It 
should  be unders tood  t h a t  Wang, McCormick and Chu (1983) i s  a s i n g l e  case 
s tudy .  S ince  t h e r e  i s  cons ide rab le  v a r i a b i l i t y  i n  t h e  m a n i f e s t a t i o n  o f  
warming e v e n t s  and ampl i fy ing  p l a n e t a r y  waves from y e a r  t o  y e a r  (Schoeber l ,  
1978; Lab i t zke ,  1981; Labi tzke  and Gore tzk i ,  1982) , results from o b s e r v a t i o n s  
of  d i f f e r e n t  warmings are h ighly ,  d e s i r a b l e .  
The purpose o f  t h i s  s tudy  is  two-fold. F i r s t ,  t h e  behavior  of  p l a n e t a r y  
waves of ozone and tempera ture  and t h e i r  wave t r a n s p o r t s  d u r i n g  t h e  middle 
February  1981 s t r a t o s p h e r i c  warming w i l l  be s t u d i e d  i n  d e t a i l  by u t i l i z i n g  
t h e  SAGE ozone measurements and a s s o c i a t e d  me teo ro log ica l  d a t a .  Second, t h e  
ana lyzed  r e s u l t s  o f  t h i s  middle  February 1981 warming w i l l  be compared wi th  
t h o s e  o f  t h e  l a t e  February 1979 warming d e s c r i b e d  i n  Wang, McCormick and Chu 
( 1983). 
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A s  w i l l  be shown, t h e s e  two warming e v e n t s  cor respond t o  two q u i t e  
d i f f e r e n t  s t r a t o s p h e r i c  c i r c u l a t i o n s  a t  h igh  l a t i t u d e s .  A comparison o f  t h e  
behavior  of ozone and tempera ture  waves between t h o s e  two e v e n t s  i s  t h u s  
s i g n i f i c a n t ,  and l e a d s  t o  enhancement o f  ou r  unde r s t and ing  o f  t h e i r  behavior  
d u r i n g  warming events.  
5.3.2 Data and approach 
S i m i l a r  t o  Wang, McCormick and Chu (1983) ,  t h e  r e s u l t s  o f  SAGE ozone 
measurements and t h e  a s s o c i a t e d  m e t e o r o l o g i c a l  in format ion  provided  by NOAA's 
Nat iona l  Meteoro logica l  Center  a re  used i n  t h i s  a n a l y s i s  o f  t h e  mid-February 
1981 warming event.  I n  Wang, McCormick and Chu (19831, w e  have d e s c r i b e d  t h e  
g e n e r a l  c h a r a c t e r i s t i c s  o f  t h e  SAGE ozone and t h e  me teo ro log ica l  d a t a  sets 
r e l e v a n t  t o  the  p l a n e t a r y  wave s t u d i e s .  I n  t h i s  s t u d y ,  w e  w i l l  mention only  
s p e c i f i c  a s p e c t s  o f  t h e s e  o b s e r v a t i o n s  which are impor tan t  t o  t h i s  p a r t i c u l a r  
a n a l y s i s .  A s  noted i n  Sec. 1.2, t h e  AEM 2 s a t e l l i t e  power sys tem developed 
problems about  5 months a f t e r  t h e  SAGE ins t rument  was launched. A s  a r e s u l t ,  
t h e r e  were no s u n r i s e  measurements a v a i l a b l e  a f t e r  J u l y  1979. The e n t i r e  SAGE 
s u n s e t  obse rva t ion  pe r iod  c o v e r s  34 months from February  1979 t o  November 
1981 (F igu re  5 . 1 ) .  For t h e  purpose o f  examining t h e  behavior  of  w i n t e r  
p l a n e t a r y  waves, i t  is d e s i r a b l e  t o  use  d a t a  ob ta ined  a t  h i g h  l a t i t u d e s  where 
t h e  waves are most a c t i v e .  A s  shown i n  F i g u r e  5 .1 ,  t h e  SAGE measurement 
l o c a t i o n s  reach t h e  h i g h e s t  l a t i t u d e s  on two occas ions  c e n t e r e d  around 
Janua ry  1 and March 6 ,  d u r i n g  t h e  w i n t e r  1979-1980. Unfor tuna te ly ,  t h e  
h i g h e s t  l a t i t u d e  of t h e  SAGE measurements [around Janua ry  I ,  1980 i s  about  
46 N. A s  f o r  t h e  measurements n e a r  March 6,  19801, t h e  h i g h e s t  l a t i t u d e  
reached  w a s  58 N, but  d a t a  gaps  are found i n  t h e  r e t r i e v e d  p r o f i l e s  d u r i n g  
t h i s  pe r iod .  For t h e s e  r easons ,  i t  w a s  dec ided  t o  examine t h e  c a s e  of Winter 
1980-1981 i n s t e a d .  During t h i s  w i n t e r ,  t h e r e  are 10 consecu t ive  d a i l y  SAGE 
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ozone p r o f i l e s  from February 12 t o  21, 1981 a v a i l a b l e  f o r  t h e  a n a l y s i s .  The 
peak l a t i t u d e  near  55 N occur red  on February  17, 1981. Tab le  5.1 i n d i c a t e s  
t he '  average  l a t i t u d e  and t h e  number o f  p r o f i l e s  o f  t h e  SAGE d a i l y  
measurements fo r  t h e s e  10 days.  The o v e r a l l  averaged l a t i t u d e  f o r  t h i s  
10-day p e r i o d  i s  about 52ON which i s  on ly  s l i g h t l y  lower than  t h e  February 
1979 c a s e  d iscussed  i n  Wang, McCormick and Chu (1983). It i s  important t o  
0 
n o t e  t h a t  t h i s  10-day p e r i o d  covers approximate ly  t h e  second h a l f  of t h e  
major midwinter warming which occurred  i n  February 1981 and r e p o r t e d  by 
Lab i t zke  ( 1982). 
I n  t h i s  a n a l y s i s ,  t h e  method f o r  d e r i v i n g  t h e  p l a n e t a r y  waves of ozone 
and tempera ture  and t h e i r  f l u x e s  u s i n g  SAGE ozone and me teo ro log ica l  d a t a  
sets i s  e s s e n t i a l l y  t h e  same a s  t h a t  d e s c r i b e d  i n  Wang, McCormick and Chu 
(1983). For  t h i s  r ea son ,  w e  w i l l  no t  r e p e a t  t h e  d i s c u s s i o n  h e r e ,  S ince  one 
of t h e  purposes of t h i s  s tudy  i s  t o  compare t h e  ozone and tempera ture  waves 
and t h e i r  eddy t r a n s p o r t s  between t h e  l a t e  February 1979 and t h e  middle 
February 198 1 warmings, a g e n e r a l  d e s c r i p t i o n  o f  t h e  synopt i ca l  
me teo ro log ica l  a s p e c t s  of  t h e  n o r t h e r n  h igh  l a t i t u d e  s t r a t o s p h e r e  d u r i n g  
t h e s e  warming p e r i o d s  i s  inc luded  i n  t h e  a n a l y s i s .  This  w i l l  h e l p  t o  b r i n g  
o u t  some f e a t u r e s  o f  t h e  a tmospher ic  c i r c u l a t i o n  and t h e  thermal  s t r u c t u r e  
which are  n o t  obvious from an examination e n t i r e l y  i n  terms of  t h e i r  harmonic 
components. As w i l l  be seen  i n  t h e  nex t  s e c t i o n ,  t h e r e  a r e  c o n s i d e r a b l e  
d i f f e r e n c e s  in t h e  s t r a t o s p h e r i c  c i r c u l a t i o n  p a t t e r n  between t h e s e  two 
warming even t s  . 
5.3.3 R e s u l t s  and d i s c u s s i o n  
I n  t h i s  s e c t i o n ,  we f i r s t  show t h e  development o f  t h e  a r c t i c  c i r c u l a t i o n  
p a t t e r n  f o r  t he  middle February 1981 warming. For  comparison, a d e s c r i p t i o n  
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TABLE 5.1. The Number of P r o f i l e s  and t h e  Averaged L a t i t u d e  
of  SAGE Observat ions from February 12  t o  21 ,  1981. 
Date Number of Averaged Latitude 
(February) Profiles ( O N )  
12 
13 
14 
15 
16 
17 
18 
19 
20  
21 
15 
14 
15 
15 
15 
15 
15 
15 
15 
14 
49.47 
50.94 
52.05 
52.84 
53.34 
53.55 
53.50 
53.18 
52.59 
51.69 
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of t h e  l a t e  February 1979 warming i s  inc luded .  The r e s u l t s  of harmonic 
a n a l y s e s  of ozone mixing r a t i o ,  t empera tu re  and eddy mer id iona l  v e l o c i t y ,  are 
g iven  i n  t h e  second p a r t  of t h i s  s e c t i o n ,  followed by a d e s c r i p t i o n  o f  t h e  
h o r i z o n t a l  mer id iona l  ozone and t empera tu re  t r a n s p o r t s  by t h e  p l a n e t a r y  
waves. I n  t h e  l as t  p a r t  of t h i s  s e c t i o n ,  t h e  phase r e l a t i o n s h i p  between t h e  
waves of  ozone mixing r a t i o ,  t empera ture  and eddy mer id iona l  v e l o c i t y  i s  
examined. 
5.3.3.1 Synop t i ca l  meteorology o f  t h e  h igh  l a t i t u d e  s t r a t o s p h e r e  f o r  t h e  
middle February 198 1 warming 
Some aspec t s  of  t h e  warming even t  of 1980-1981 have been d i s c u s s e d  by 
Lab i t zke  and Goretzki (1982).  It began wi th  t h e  development of  an A l e u t i a n  
a n t i c y c l o n e  which i n d i c a t e d  t h e  a m p l i f i c a t i o n  of t h e  wavenumber 1 d i s t u r b a n c e  
i n  November 1980--the so-ca l led  Canadian Warming. I n  December 1980, t h e  wave 
a c t i v i t i e s  were g e n e r a l l y  mild and t h e  monthly mean 30 mb North Po le  
tempera ture  was -82'C--the c o l d e s t  t empera ture  s i n c e  t h e  w i n t e r  1958-1959. 
Th i s  s i t u a t i o n  extended t o  t h e  middle of  January  1981. During t h i s  p e r i o d ,  
t h e  h igh  l a t i t u d e  Northern Hemisphere was c h a r a c t e r i z e d  by t h e  development of 
a v a s t  q u a s i - c i r c u l a r  p o l a r  v o r t e x  as shown i n  t h e  30 mb upper a i r  map on 
January  14 1981 ( F i g u r e  5 .2a) .  T h e r e a f t e r ,  t h i s  p o l a r  v o r t e x  was d i s t u r b e d  by 
ampl i fy ing  p l a n e t a r y  waves, mainly wavenumber 1 (F igu re  5.2b). By middle 
February ,  t h e  h igh  l a t i t u d e  zona l  mean thermal  s t r u c t u r e  had shown a r e v e r s a l  
of t h e  l a t i t u d i n a l  tempera ture  g r a d i e n t ,  i n d i c a t i n g  t h e  occur rence  of a major 
midwinter warming. According t o  Lab i t zke  and Gore tzk i  ( 1982), t h e  monthly 
mean 30 mb North Po le  tempera ture  had inc reased  from -82OC i n  December 1980 
t o  -56OC i n  February 1981. F igu re  5 . 2 ~  shows t h e  30 mb upper a i r  map on 
February 15, 1981, i n  which t h e  remainder o f  t h e  wavenumber 1 d i s t u r b a n c e  i s  
s t i l l  c l e a r l y  ev iden t  on t h i s  p a r t i c u l a r  day. It is i n t e r e s t i n g  t o  n o t e  t h a t  
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t h e  wavenumber 1 h e i g h t  d i s t u r b a n c e  had s h i f t e d  i t s  phase by an amount c l o s e  
t o  180' from January 25 t o  February 15. Note a l s o  t h a t  t h e  c o l d  c e n t e r ,  which 
was l o c a t e d  near t h e  North Pole  j u s t  b e f o r e  t h e  development o f  p l a n e t a r y  wave 
d i s t u r b a n c e s  on January  14, 1981 (F igu re  5.2a),  had moved t o  %60°N l a t i t u d e  
w e s t  of Canada by February 15, 1981. A t  t h e  same t i m e ,  warmer a i r  masses had 
appeared in the polar region (Figure 5.2~). In the second half of February, 
the activity of planetary wave disturbances became much weaker and the polar 
vortex began to regain some of its strength (Figure 5.2d). This is a stage 
corresponding to 8 period of the so-called "late winter cooling" 
(Lab i t zke  and Gore tzk i ,  1982). Later,  t h e r e  was a f u r t h e r  development of  
wavenumber 1 d i s tu rbance  which reached i t s  peak i n t e n s i t y  on about March 3, 
1981. T h e r e a f t e r ,  t h e  a r c t i c  s t r a t o s p h e r e  was g r a d u a l l y  r ep laced  by t h e  
summer c i r c u l a t i o n  system. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  Lab i t zke  (1982) 
had shown t h a t  t h i s  wavenumber 1 dominated w i n t e r  d i s t u r b a n c e  took p l a c e  
during the westerly phase of the equatorial quasi-biennial oscillation (at 
50 mb) and not on the easterly phase as for most wavenumber 1 development. 
She further indicated that only wavenumber 1 winter events which occurred near 
sunspot maxima exhibit this unusual feature. For comparison purposes, it is 
essential to this investigation to also describe the circulation which 
occurred in the polar region during the late February 1979 warming. 
The synop t i c  a s p e c t s  o f  t h e  c i r c u l a t i o n  o f  Winter 1978-1979 have been 
d i s c u s s e d  by Noxon e t  a l .  (19791, and Syed and Harr i son  (1981) i n  t h e i r  
s t u d i e s  on the behavior  of NO2 abundance d u r i n g  t h e  warming of  
January-February 1979. The behavior  o f  p l a n e t a r y  wave d i s t u r b a n c e s  o f  t h e  
tempera ture  and h e i g h t  f i e l d s  o f  t h i s  w i n t e r  a l s o  have been i n v e s t i g a t e d  by 
Quiroz (1979) and Lab i t zke  (1981) i n  d e t a i l .  Before  January  15, 1979, t h e  
p o l a r  s t r a t o s p h e r i c  c i r c u l a t i o n  system showed on ly  mild f l u c t u a t i o n s  i n  t h e s e  
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f i e l d s  excep t  f o r  a f e w  days around December 8, 1978. During t h e s e  days ,  an 
A l e u t i a n  a n t i c y c l o n e  developed i n d i c a t i n g  an a m p l i f i c a t i o n  of  h e i g h t  
wavenumber 1. I n  t h e  p e r i o d  January 15 t o  e a r l y  March 1979, t h e  n o r t h e r n  
p o l a r  s t r a t o s p h e r i c  c i r c u l a t i o n  system went through s e v e r a l  i n t e r e s t i n g  
changes.  F i r s t ,  t h e r e  was t h e  formation o f  an  unusua l ly  s t r o n g  A l e u t i a n  
a n t i c y c l o n e  which l e d  t o  t h e  a m p l i f i c a t i o n  of h e i g h t  wavenumber I d i s t u r b a n c e  
a t  30 mb wi th  t h e  peak i n t e n s i t y  occur r ing  on about January 2 6 .  Around t h e  
same day ,  t h e  s t r a t o s p h e r e  showed t h e  f i r s t  r e v e r s a l  o f  t h e  mer id iona l  
g r a d i e n t  o f  mean s t r a t o s p h e r i c  temperature.  T h e r e a f t e r ,  t h i s  a n t i c y c l o n i c  
system weakened and t h e  d i s t u r b e d  po la r  v o r t e x  tended t o  r e g a i n  i t s  s t r e n g t h  
w i t h  i t s  c e n t e r  moving back toward t h e  pole .  F igure  5.3a shows t h e  30 mb 
a rc t i c  upper a i r  map f o r  February 9 ,  1979. Th i s  p o l a r  v o r t e x  became w e l l  
e s t a b l i s h e d  aga in  by about 12 February. Beginning t h a t  day ,  t h e  v o r t e x  
e x h i b i t e d  an e l o n g a t i o n  of  i t s  c i r c u l a t i o n  p a t t e r n  approximately a long  t h e  
east-west axis ,  w i t h  t h e  appearance of  two low p r e s s u r e  systems (F igu re  
5.3b). Meanwhile, two h igh  pressure  systems developed on each s i d e  o f  t h e  
e longa ted  p o l a r  v o r t e x  (F igu re  5.3b) , i n d i c a t i n g  an a m p l i f i c a t i o n  o f  h e i g h t  
wavenumber 2.  T h i s  development i n  t h e  a r c t i c  s t r a t o s p h e r e  culminated i n  t h e  
s p l i t t i n g  of t h e  p o l a r  v o r t e x  (Figure 5 . 3 ~ )  and t h e  r e v e r s a l s  o f  t h e  zona l  
mean a r c t i c  flow, a s  w e l l  a s  t h e  mer id iona l  g r a d i e n t  o f  mean s t r a t o s p h e r i c  
ternperature--a major f i n a l  warming (Qui roz ,  1979). By t h e  end of  February,  
t h e s e  wavenumber 2 dominated d i s t u r b a n c e s  began t o  decay. I n  t h e  fo l lowing  
month, t h e r e  were only mi ld  f l u c t u a t i o n s  of t h e  h e i g h t  f i e l d  i n  t h e  form of 
wavenumber 1. During t h e  month of A p r i l  1979, t h e  flow i n  t h e  a r c t i c  w i n t e r  
s t r a t o s p h e r e  was g r a d u a l l y  rep laced  by t h e  summer c i r c u l a t i o n  system. 
From t h e  above d i s c u s s i o n ,  it i s  c l e a r  t h a t  t h e  development o f  t h e  
arct ic  w i n t e r  d i s t u r b a n c e s  i n  the  two Winters  1978-1979 and 1980-1981 are  
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r a t h e r  d i f f e r e n t .  I n  1980-198 1 ,  the  a r c t i c  d i s t u r b a n c e s  involved p r i m a r i l y  
wavenumber I f l u c t u a t i o n s  d u r i n g  the  e n t i r e  w i n t e r  season .  I n  1978-1979, 
however, the polar 8trato8phcre showed disturbances involving both wavenumbers 
1 and 2 with each dominating during different periods. It should aleo be 
mentioned t h a t  i n  Wang, McCormick and Chu (19831, t h e  pe r iod  of t h e  d a t a  se t  
ana lyzed  on ly  covered t h e  peak of t h e  h e i g h t  wavenumber 2 development. On 
t h e  o t h e r  hand, t h e  d a t a  s e t  used i n  t h i s  a n a l y s i s  cove r s  e s s e n t i a l l y  t h e  
second h a l f  o f  t h e  major midwinter warming which was du r ing  t h e  decaying  
s t a g e  of  a s t r o n g  h e i g h t  wavenumber 1 d i s t u r b a n c e .  
5.3.3.2 Evolu t ion  o f  t h e  p l a n e t a r y  waves 
F i g u r e s  5.4a - 5 . 4 ~  show t h e  e v o l u t i o n  o f  t h e  tempera ture  wavenumber I 
and 2 d i s t u r b a n c e s  and a l s o  t h e  z o n a l l y  averaged tempera ture  d u r i n g  t h e  
mid-February 1981 s t r a t o s p h e r i c  warming from February 12 t o  21, 1981, 
r e s p e c t i v e l y .  I n  t h e  c a s e  of  t h e  wavenumber 1 e v o l u t i o n  (F igu re  5 .4a) ,  t h e  
s t r a t o s p h e r e  e x h i b i t s  t h r e e  d i s t i n c t  l a y e r s .  They a r e  cen te red  approximately 
a t  22 km, 32 km, and 44 km, r e s p e c t i v e l y .  In  t h e  middle l a y e r ,  a mild 
d e c r e a s e  i n  t h e  wave ampl i tude  i s  shown. The behavior  of t h e  waves i n  t h e  
lower and upper l a y e r s ,  i s  ve ry  s i m i l a r ,  showing an i n t e n s i f i c a t i o n  i n  t h e  
f i r s t  4 days,  and a r a t h e r  s t e a d y  decay a f t e rwards .  The maxima o f  t h e  wave 
ampl i tudes ,  approximate ly  12OC and 10°C i n  t h e  upper and lower l a y e r s ,  
r e s p e c t i v e l y ,  appeared on February 15. The c a l c u l a t e d  ampl i tudes  f o r  
t empera tu re  wavenumber 2 show g e n e r a l l y  a mild decay o f  t h e  wave i n  t h e  
a l t i t u d e  r e g i o n  from 10 km t o  50 km th roughout  t h e  e n t i r e  d a t a  p e r i o d  of t h i s  
a n a l y s i s  (F igu re  5.4b). From Figure 5.4a and 5.4b, i t  i s  c l e a r  t h a t  t h e  
t empera tu re  d i s t u r b a n c e s  i n  t h i s  mid-February warming a r e  dominated by 
wavenumber 1 a c t i v i t i e s .  I n  t h e  case o f  t h e  zonal  mean component ( F i g u r e  
5 . 4 ~ 1 ,  no s i g n i f i c a n t  v a r i a t i o n  is shown d u r i n g  t h i s  IO-day d a t a  pe r iod .  
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However, a 2OC i n c r e a s e  i n  t h e  mean tempera ture  i s  n o t i c e a b l e  between 28 km 
and 38 km i n  t h e  p e r i o d  from t h e  5th day t o  t h e  10th day. 
I n  comparison w i t h  t h e  c a s e  i n  Wang, McCormick and Chu (19831, t h e  
wavenumber 2 and mean tempera ture  d i s t u r b a n c e s  f o r  t h i s  mid-February warming 
are smaller i n  magnitude. The wavenumber I ,  however, i s  more i n t e n s e  
o v e r a l l ,  excep t  . i n  r e g i o n s  above '38 km where t h e  two wavenumbers a r e  
comparable i n  magnitude. 
The d e r i v e d  ampl i tude  o f  t h e  f i r s t  two harmonic components o f  t h e  eddy 
mer id iona l  v e l o c i t y  are shown i n  F igu res  5.5a and 5.5b, r e s p e c t i v e l y .  The 
wavenumber 1 shows an  i n t e n s i f i c a t i o n  from day 1 t o  day 3 above approximate ly  
20 km (F igure  5.5a). A peak v a l u e  of 16.5 m/sec appeared on day 3 a t  about 37 
km.. T h e r e a f t e r ,  t h e  wave decayed. Below about 20 km, t h e  wave ampl i tudes  
are r e l a t i v e l y  small (F igu re  5.5a). In  F igu re  5.5b, t h e  r e s u l t  of wavenumber 
2 shows a decay of t h e  wave throughout t h e  d a t a  pe r iod  o f  t h i s  s tudy  between 
10 km and 50 km. The s t r e n g t h  of t h e  wavenumber I d i s t u r b a n c e  (F igu re  5.5a) 
is abou t  1.5 times t h a t  observed i n  Wang, McCormick and Chu (19831, whi le  t h e  
wavenumber 2 s t r e n g t h  of t h e  d i s tu rbance  i s  only about h a l f .  
The f i r s t  two harmonic components of  ozone mixing r a t i o  are given i n  
F i g u r e s  5.6a and 5.6b. The n o t i c e a b l e  f e a t u r e s  o f  t h e  f i r s t  component (F igure  
5 .6a)  a r e  t h e  appearance o f  a maximum a t  44 km about February  15, 1981. The 
v a r i a t i o n  o f  ozone mixing r a t i o  i n  a l a y e r  between 40 and 50 km seems t o  be 
a s s o c i a t e d  w i t h  t h a t  o f  t h e  tempera ture  wavenumber I ( F i g u r e  5.4a).  Below 
about  40 km, (F igu re  5.6a) , a r e l a t i v e l y  s t e a d y - s t a t e  c o n d i t i o n  i s  observed. 
In  t h e  case o f  ozone wavenumber 2 ,  t h e  ampl i tude  i s  on ly  about  h a l f  t h a t  o f  
t h e  wavenumber 1 (F igu re  5.6b). F i g u r e  5.6b a l s o  shows t h a t  most of  t h e  
wavenumber 2 a c t i v i t i e s  were i n  t h e  upper s t r a t o s p h e r e  above about  30 km. 
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Below 30 km, the wavenumber 2 i s  r e l a t i v e l y  weak. The e v o l u t i o n  o f  zona l  
mean ozone mixing r a t i o  is g iven  i n  F igu re  5.6. Below about 30 km (F igure  
5 . 6 ~ )  l i t t l e  change i s  observed i n  t h e  mean ozone mixing r a t i o  d u r i n g  t h e  
d a t a  pe r iod  of t h i s  s tudy .  I n  t h e  l a y e r  between 30 km and 42 km, t h e r e  is  a 
slow i n c r e a s e  i n  t h e  r a t i o  i n  t h e  l a t e  h a l f  pe r iod .  Above 42 km, t h e r e  i s  a 
n o t i c e a b l e  decrease  i n  t h e  ozone mixing r a t i o  i n  t h e  e n t i r e  d a t a  p e r i o d  of 
t h i s  s tudy .  I n  comparison, t h e  d a t a  shown i n  F igu res .  5.6a and 5 . 6 ~  are ,  i n  
many r e s p e c t s ,  s imi l a r  t o  t h o s e  shown i n  Wang, McCormick and Chu (1983, 
F igu re  5.6.) I n  both  cases, t h e  ozone wavenumber 1 d i s t u r b a n c e s  are observed 
t o  be more i n t e n s e  i n  t h e  upper s t r a t o s p h e r e  component. S l i g h t  i n c r e a s e s  are 
a l s o  observed i n  t h e  zonal  mean ozone mixing r a t i o  lower s t r a t o s p h e r e  below 
30 km. P a r t i c u l a r  noteworthy is  t h e  f a c t  t h a t  ozone wavenumber 1 
d i s t u r b a n c e s  i n  t h e  upper s t r a t o s p h e r e  are  c l e a r l y  c o r r e l a t e d  t o  t h a t  o f  
tempera ture  wavenumber 1 i n  t h e s e  two d i f f e r e n t  warmings. T h i s  c o r r e l a t i o n  
between temperature and ozone wavenumber 2 ampl i tudes ,  however, i s  less c l e a r  
i n  t h e  a n a l y s i s  of t h e s e  two warmings. 
I n  o r d e r  t o  examine t h e  changes i n  t h e  columnar ozone above 10 km d u r i n g  
t h i s  mid-February 1981 s t r a t o s p h e r i c  warming, t h e  e v o l u t i o n  o f  zonal  mean 
ozone number d e n s i t y  i n  t h i s  even t  i s  a l s o  de r ived  based on t h e  SAGE ozone 
d a t a  set. Figure 5.7a shows t h e  computed r e s u l t s .  From F igure  5.7a,  i t  is  
e v i d e n t  t h a t  t h e r e  i s  an i n c r e a s e  i n  ozone c o n c e n t r a t i o n  i n  t h e  lower 
s t r a t o s p h e r e  cen te red  a t  a l t i t u d e  20 km. Above 24 km (F igure  5.7a) no 
appa ren t  changes i n  t h e  mean number d e n s i t y  are observed. It i s  i n t e r e s t i n g  
t o  n o t e  t h a t  the behavior  o f  zona l  mean ozone d e n s i t y  i n  t h i s  mid-February 
1981 warming i s  very similar t o  t h e  l a t e  February 1979 even t  (Wang, McCormick 
and Chu, 1983). The a s s o c i a t e d  t i m e  v a r i a t i o n  i n  t h e  ozone columnar d e n s i t y  
is g iven  i n  F igure  5.7b. It shows a monotonical i n c r e a s e  i n  v a l u e  excep t  f o r  
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t h e  f irst  two days. This  i n c r e a s e  i n  ozone columnar abundance i s  p r i m a r i l y  a 
r e sponse  t o  t h e  i n c r e a s e  i n  t h e  ozone c o n c e n t r a t i o n  i n  t h e  lower s t r a t o s p h e r e  
as i l l u s t r a t e d  in F igu re  5.7a. A s imilar  s i t u a t i o n  was a l s o  found i n  t h e  l a te  
February 1979 s t r a t o s p h e r i c  warming event  (Wang, McCormick and Chu, 1983). I n  
comparing t h e  ozone columnar d e n s i t y  o f  t h i s  a n a l y s i s  w i th  t h a t  desc r ibed  i n  
Wang, McCormick and Chu (1983) ,  i t  i s  found t h a t  t h e  o v e r a l l  v a l u e s  i n  t h e  
l a t e  February  1979 event  are g e n e r a l l y  g r e a t e r  t han  t h o s e  o c c u r r i n g  i n  t h i s  
mid-February 198 I warming. 
5.3.3.3 Hor izonta l  ozone and tempera ture  t r a n s p o r t s  by p l a n e t a r y  waves 
The computed eddy ozone t r a n s p o r t s  a s s o c i a t e d  wi th  t h e  f i r s t  two wave 
components i n  the mid-February 1981 warming are  d i sp layed  i n  F igu res  5.8a and 
5.8b'. The remarkable f e a t u r e s  of  t h e  wavenumber 1 t r a n s p o r t  (F igu re  5.8a) a r e  
t h e  c l e a r l y  defined a l t i t u d e  r e g i o n s  f o r  t h e  poleward and t h e  equatorward 
ozone t r a n s p o r t s  throughout t h e  e n t i r e  d a t a  pe r iod  o f  t h i s  a n a l y s i s .  Above 
40 km, a d i s t i n c t  l a y e r  o f  equatorward eddy ozone t r a n s p o r t  i s  observed 
(F igu re  5 .8a ) ,  wi th  a maximum v a l u e  o f  4.5 ppmv m s  o c c u r r i n g  on February 
14, 1981 a t  44 km. Below about 28 km, an equatorward t r a n s p o r t  i s  a l s o  
observed (Figure 5.8a), bu t  i t  i s  much weaker i n  comparison wi th  t h e  one 
above 40 km. I n  t h e  l a y e r  between 28  and 40 km, t h e  eddy ozone t r a n s p o r t  i s  
mainly toward the North Pole .  A s l i g h t  i n c r e a s e  i n  t h e  t r a n s p o r t  is  observed 
i n  t h i s  r e g i o n  d u r i n g  t h e  f i r s t  4 days which decayed t h e r e a f t e r .  A maximum 
poleward t r a n s p o r t  o f  %3 ppmv m s  appeared a t  36 km on t h e  same day 
(February  15, 1981) t h a t  t h e  equatorward t r a n s p o r t  reached i t s  peak v a l u e  i n  
t h e  upper s t r a t o s p h e r e .  
- I  
- 1  
An a n a l y s i s  o f  t h e  ozone t r a n s p o r t  a s s o c i a t e d  wi th  wavenumber 2, 
i n d i c a t e s  a poleward t r a n s p o r t  below 40 km and equatorward t r a n s p o r t  above 40 
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(a) wavenumber 1, contour interval 1 ppm ms-1, and 
(b) wavenumber 2, contour interval 0.5 ppm ms-1. 
of the first three waves is given in (c), contour interval 
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km i n  t h e  first 2 t o  3 days  (F igu re  5.8b).  Later,  t h e  equatorward t r a n s p o r t  
system i n  t h e  upper s t r a t o s p h e r e  i s  observed t o  i n c r e a s e  s l i g h t l y  r each ing  a 
peak v a l u e  o f  3 ppmv m s  a t  46 km on February 15, 1981. On February 14, 1984 
(F igu re  5.8b),  a change i n  t r a n s p o r t  d i r e c t i o n  i s  observed w i t h i n  t h e  l a y e r  
between approximately 24 km and 38 km from poleward t o  equatorward. After 
February 15, the wavenumber 2 eddy ozone t r a n s p o r t  i n  t h e  e n t i r e  l a y e r  is 
observed t o  decay. From F igures  5.8a and 5.8b, i t  i s  ev iden t  t h a t  t h e  
wavenumber 2 eddy ozone t r a n s p o r t s  are g e n e r a l l y  weaker t h a n  wavenumber 1 i n  
t h i s  p a r t i c u l a r  warming. The sum o f  t h e  eddy ozone t r a n s p o r t  due t o  t h e  
f i r s t  t h r e e  wave components i s  g iven  i n  F igu re  5 . 8 ~ .  S ince  t h e  t r a n s p o r t  due 
t o  wavenumber 1 i s  r e l a t i v e l y  s t r o n g ,  t h e  t r a n s p o r t  shown i n  F igu re  5 . 8 ~  
e x h i b i t s  f e a t u r e s  s i m i l a r  t o  t h o s e  shown i n  F igu re  5.8a. By comparing F igu re  
5 . 8 ~  wi th  t h e  cor responding  r e s u l t s  p re sen ted  i n  Wang, McCormick and Chu 
(19831, one w i l l  n o t i c e  t h a t  they  e x h i b i t  g e n e r a l l y  s imilar  f e a t u r e s .  I n  
both c a s e s ,  t h e  ozone mixing r a t i o  t r a n s p o r t s  e x h i b i t  t h r e e  d i s t i n c t  l a y e r s ,  
namely, two equatorward t r a n s p o r t  l a y e r s ,  one i n  t h e  upper s t r a t o s p h e r e ,  and 
one i n  t h e  lower s t r a t o s p h e r e ,  and a poleward t r a n s p o r t  l a y e r  i n  t h e  middle 
s t r a t o s p h e r e .  There a r e ,  however, s l i g h t  d i f f e r e n c e s  i n  t h e  v e r t i c a l  
e x t e n s i o n  and t h e  c e n t e r  a l t i t u d e  of  t h e s e  l a y e r s  f o r  t h e  two warming c a s e s .  
- 1  
Since  eddy ozone mass t r a n s p o r t  i s  d i r e c t l y  r e l a t e d  t o  changes i n  t o t a l  
ozone amount, t h e  c o n t r i b u t i o n  o f  t h e  f i r s t  two wave components t o  t h i s  
t r a n s p o r t  dur ing  t h e  mid-February 1981 warming a r e  analyzed (F igu res  5.9a and 
5.9b). B e l o w  about 26 km, t h e  development of an i n t e n s e  equatorward 
wavenumber I t r a n s p o r t  i s  observed (F igu re  5 .9a ) .  T h i s  t r a n s p o r t  reached  a 
peak i n t e n s i t y  of 2.7 x 10l2 molecules c m  m s  a t  16 km about February 17, 
1981. Above 26 km, t h e  wavenumber I t r a n s p o r t  i s  r e l a t i v e l y  weaker than  t h a t  
below. Never the less ,  a layer of poleward mass t r a n s p o r t  between 26 km and 38 
-3 - 1  
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km and a l s o  a l a y e r  of  equatorward t r a n s p o r t  above 38 km are  n o t i c e a b l e  
(F igu re  5.9a).  The c a l c u l a t e d  resu l t s  of wavenumber 2 ozone mass t r a n s p o r t  
i n d i c a t e s  a c o n t r i b u t i o n  t h a t  is  g e n e r a l l y  much smaller than  t h a t  of  
wavenumber 1 except i n  r e g i o n s  below 22 km d u r i n g  t h e  f i r s t  2 t o  3 days 
(F igu re  5.9b).  In  t h e s e  r e g i o n s ,  poleward eddy t r a n s p o r t  i s  observed du r ing  
t h o s e  days. The sum of  t h e  f i r s t  3 components of eddy ozone mass t r a n s p o r t s  
is d i s p l a y e d  in  F igu re  5 . 9 ~ .  It i s  obvious t h a t  an  i n t e n s e  equatorward 
t r a n s p o r t  developed below approximately 26 km. Th i s  development seems t o  be 
a s s o c i a t e d  w i t h  t h e  decaying o f  a poleward eddy ozone mass t r a n s p o r t  i n  t h e  
l a y e r  between 26 km and 4 0  km as r evea led  from t h e  f i r s t  3 days o f  t h i s  d a t a  
pe r iod .  Although t h i s  poleward t r a n s p o r t  became r a t h e r  weak by t h e  t h i r d  
day, a t h i n  l aye r  of  poleward t r a n s p o r t  c e n t e r e d  a t  a l t i t u d e  34 km i s  s t i l l  
n o t i c e a b l e  i n  the  rest o f  t h e  d a t a  p e r i o d .  From F igure  5.9,  i t  i s  c lear  t h a t  
t h e  wavenumber I component p l ays  a dominant r o l e  i n  t h e  eddy ozone mass 
t r a n s p o r t  i n  t h i s  mid-February 1981 warming. As i n d i c a t e d  i n  F igu re  5.9c,  
t h e  peak of the equatorward t r a n s p o r t  occur red  around February  16, 1981 a t  
-16 km. The v e r t i c a l  i n t e g r a t e d  mass f l u x  of  ozone (10-30 km a l t i t u d e )  on 
t h i s  day i s  found t o  be (3.2 - + 0.08) x IO2' (molecules/cm-2)(cm/sec) t o  t h e  
south .  
I n  Wang, McCormick and Chu (19831, t h e  ozone and tempera ture  eddy 
t r a n s p o r t s  i n  t h e  upper s t r a t o s p h e r e  (above 35 km) were shown a c t i n g  i n  
o p p o s i t e  d i r e c t i o n s  i n  both  wavenumber 1 and 2 components. O f  p a r t i c u l a r  
i n t e r e s t  i s  t h a t  bo th  t h e  wavenumber 1 ozone and t empera tu re  eddy t r a n s p o r t s  
show a change i n  t h e i r  d i r e c t i o n  on about t h e  same day. To see whether such 
a f e a t u r e  e x i s t s  i n  t h e  middle February 1981 warming, t h e  eddy t r a n s p o r t s  of 
tempera ture  have been c a l c u l a t e d .  The r e s u l t s  are shown i n  F igu re  5.10. The 
most d i s t i n c t  f e a t u r e  o f  t h e  tempera ture  wavenumber I t r a n s p o r t  (F igu re  
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- so. 
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so. - 
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.o . 
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S. 
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n. 
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-1 F i g u r e  5.10. T i m e  v a r i a t i o n  of eddy h e a t  f l u x  (k m x  ).Due t o  ( a )  wavenumber 1, 
contour  i n t e r v a l  20°C m s - l ;  
5 ° C  m s - 1 ,  and ( c )  t h e  sum of t h e  f i r s t  t h r e e  waves, contour  
i n t e r v a l  2 0 " ~  ms-1. 
(b) wavenumber 2, contour  i n t e r v a l  
(- poleward, ---- equatorward.)  
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5.10a) i s  t h e  development of  a poleward t r a n s p o r t  above about 30 km w i t h  t h e  
peak a t  about  44 km. T h i s  peak reached i t s  maximum i n t e n s i t y  (4~67 km/sec) on 
approximate ly  February 14 , and dec reased  s t e a d i l y  t h e r e a f t e r .  Below about 30 
km, o n l y  mi ld  equatorward eddy h e a t  t r a n s p o r t s  are  observed ( F i g u r e  5.10a). 
I n  t h e  case of wavenumber 2, a d e c r e a s e  o f  t h e  poleward h e a t  t r a n s p o r t  i s  
g e n e r a l l y  observed throughout  most of t h e  a l t i t u d e  range  o f  t h i s  s tudy  d u r i n g  
t h i s  middle  February 1981 warming (F igu re  5.10b). The n e t  eddy h e a t  
t r a n s p o r t s  (shown i n  F i g u r e  5 . 1 0 ~ )  e x h i b i t  a r a t h e r  similar t i m e  v a r i a t i o n  as 
t h a t  o f  wavenumber 1 ,  wi th  a d i s t i n c t  layer of  poleward eddy h e a t  t r a n s p o r t  
above 30 km centered  a t  about 40 km, p a r t i c u l a r l y  on February 14. It should  
be noted t h a t  the  d a i l y  v a l u e s  of  t h e  tempera ture  d i f f e r e n c e  between 80°N and 
50°N a t  30 mb p r e s s u r e  l e v e l  e x h i b i t  t h e  second peak o f  t h e  t empera tu re  
r e v e r s a l  on about February 14,  1980 (Lab i t zke ,  1982). T h i s  peak occur s  about 
t h e  same t i m e  a t  which t h e  eddy h e a t  t r a n s p o r t s  began t o  change i t s  d i r e c t i o n  
from poleward t o  equatorward. As mentioned e a r l i e r ,  t h e  wavenumber 1 ozone 
t r a n s p o r t  dur ing  t h e  per iod  of  t h e  d a t a  se t  i n  t h i s  s tudy  shows t h e  peak o f  
equatorward t r a n s p o r t  a t  an  a l t i t u d e  of  44 km. I n  a d d i t i o n ,  t h i s  peak 
reached  i t s  maximum i n t e n s i t y  on February 14. Thus, t h e  observed wavenumber 1 
o f  ozone and tempera ture  t r a n s p o r t s  a r e  n e g a t i v e l y  c o r r e l a t e d  d u r i n g  t h i s  
mid-February 1981 warming. In  t h e  c a s e  o f  wavenumber 2 ,  t h e  behavior  of  
ozone and tempera ture  t r a n s p o r t s  showed s i m i l a r  n e g a t i v e  c o r r e l a t i o n  above 40 
km. I n  p a r t i c u l a r ,  i n  t h i s  a l t i t u d e  r e g i o n ,  t hey  both  changed t h e i r  
t r a n s p o r t  d i r e c t i o n s  sometime between February 20 and 21.  
5.3.3.4 Phase r e l a t i o n s h i p s  between t h e  eddy f i e l d s  
The phase r e l a t i o n s h i p  between ozone, tempera ture ,  and mer id iona l  
v e l o c i t y  waves o f  wavenumber 1 component on February 13, 1981, i s  shown i n  
F igu re  5.11a. The h o r i z o n t a l  b a r s ,  as i n  Wang, McCormick and Chu (19831, are  
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t h e  computed u n c e r t a i n t y  of t h e  c a l c u l a t e d  phase based on t h e  g iven  
u n c e r t a i n t y  of t h e  SAGE and m e t e o r o l o g i c a l  d a t a .  On t h e  one hand, F i g u r e  
5.11a shows t h a t  t h e  ozone and t empera tu re  waves a r e  n e a r l y  out-of-phase 
above approximately 42 km. Below about 27 km, on t h e  o t h e r  hand, t hey  a r e  
c l o s e l y  in-phase. I n  t h e  r e g i o n  between approximate ly  27 km and 42 km, a 
change from the  in-phase r e l a t i o n s h i p  below 27 km t o  an  out-of-phase one 
about  42  km t akes  p l ace .  A s  t o  t h e  phase r e l a t i o n s h i p  between ozone and 
mer id iona l  waves, i t  is  observed t h a t  they  a r e  g e n e r a l l y  out-of-phase below 
about 25 km and above approximate ly  4 3  km (F igure  5.1 l a ) .  They become c l o s e l y  
in-phase a t  a l t i t u d e s  c e n t e r e d  a t  30 km. This  phase r e l a t i o n s h i p  e x p l a i n s  
t h e  v e r t i c a l  v a r i a t i o n  o f  t h e  wavenumber 1 ozone t r a n s p o r t  which was observed 
on February  13, 1981 (F igu re  5.8a).  The phase r e l a t i o n s h i p  between 
t empera tu re  and mer id iona l  waves can a l s o  be seen  i n  F igu re  5.10a. I n  t h e  
r eg ion  above 32 km, t h e i r  phase d i f f e r e n c e  i s  l e s s  than  n / 2 ,  and i s  g r e a t e r  
t han  n / 2  i n  t h e  r eg ion  below. This  f e a t u r e  e x p l a i n s  t h e  two d i s t i n c t  
r e g i o n s  o f  d i f f e r e n t  h e a t  t r a n s p o r t  d i r e c t i o n s  which was observed on t h e  
cor responding  day (F igu re  5. loa ) .  The phase r e l a t i o n s h i p  o f  wavenumber 2 
components on February 13, 1981 i s  shown i n  F igu re  5.11b. The ozone and 
t empera tu re  waves a r e  observed t o  be out-of-phase above 42 km. Below 38 km, 
they  a r e  g e n e r a l l y  in-phase. A similar phase r e l a t i o n s h i p  a l s o  can be  found 
t o  ex is t  between ozone and mer id iona l  v e l o c i t y  waves. The wavenumber 2 
component o f  t h e  tempera ture  and mer id iona l  v e l o c i t y  waves are observed t o  be 
c l o s e l y  in-phase throughout t h e  e n t i r e  a l t i t u d e  range o f  t h i s  s tudy  on 
February 13, 1981. Th i s  phase r e l a t i o n s h i p  between tempera ture  and mer id iona l  
waves accounts f o r  t h e  poleward h e a t  t r a n s p o r t  a t  a l l  a l t i t u d e s  on t h i s  
. 
p a r t i c u l a r  da te .  The phase r e l a t i o n s h i p  between ozone, tempera ture ,  and 
mer id iona l  v e l o c i t y  waves on February 17,  1981 are shown i n  F igu res  5 . 1 1 ~  and 
5.11d, f o r  wavenumber 1 and wavenumber 2,  r e s p e c t i v e l y .  A s  can be seen ,  t h e  
phase  r e l a t i o n s h i p s  are g e n e r a l l y  s i m i l a r  t o  t h o s e  on February 13, between 
t h e  cor responding  wave components. 
The d e t a i l e d  t i m e  v a r i a t i o n  of t h e  wavenumber 1 phase r e l a t i o n s h i p  over  
t h e  p e r i o d  o f  t h e  d a t a  set a t  a l t i t u d e s  44 km and 26 km a r e  shown i n  F igu res  
5.12a and 5.12b, r e s p e c t i v e l y .  The former shows t h e  t y p i c a l  phase 
r e l a t i o n s h i p  i n  t h e  upper s t r a t o s p h e r e  and t h e  l a t t e r  d e p i c t s  t h a t  i n  t h e  
lower s t r a t o s p h e r e .  It i s  ev iden t  t h a t  an out-of-phase r e l a t i o n s h i p  between 
ozone and tempera ture  waves i n  t h e  upper s t r a t o s p h e r e  and a n e a r l y  in-phase 
r e l a t i o n s h i p  i n  t h e  lower s t r a t o s p h e r e  occurred  throughout du r ing  t h i s  
mid-February 1981 warming. S imi l a r  phase r e l a t i o n s h i p s  can a l s o  be found f o r  
t h e  wavenumber 2 components (F igures  5 . 1 2 ~  and 5.12d). The e v o l u t i o n s  o f  t h e  
phase o f  mer id iona l  v e l o c i t y  waves are a l s o  shown i n  F igu res  5.12a t o  5.12d 
f o r  comparison. 
5.3.4 Summary 
We have ana lyzed  t h e  p l a n e t a r y  waves of  ozone mixing r a t i o ,  t empera tu re  and 
mer id iona l  v e l o c i t y  n e a r  52'N during t h e  middle February 198 1 s t r a t o s p h e r i c  
warming by u t i l i z i n g  SAGE ozone d a t a  and t h e  a s s o c i a t e d  me teo ro log ica l  
in format ion .  I n  a d d i t i o n ,  t h e  eddy ozone and tempera ture  f l u x e s  d u r i n g  t h i s  
warming were a l s o  examined. The r e s u l t  l a r g e  tempera ture  wavenumber I 
developments i n  t h e  upper s t r a t o s p h e r e  c e n t e r e d  a t  a l t i t u d e  44  km and a l s o  i n  
t h e  lower s t r a t o s p h e r e  wi th  a peak a t  about 22 km. The maximum i n t e n s i t i e s  
of about  12OC and 10°C i n  t h e  upper  and lower s t r a t o s p h e r e ,  r e s p e c t i v e l y ,  
occu r red  on approximately February 15, I98 I .  Comparatively,  t h e  cor responding  
wavenumber 2 component i s  much weaker i n  i n t e n s i t y ,  e s p e c i a l l y  i n  t h e  upper 
s t r a t o s p h e r e .  Neve r the l e s s ,  t h e  wavenumber 2 a c t i v i t i e s  i n  t h e  lower 
s t r a t o s p h e r e ,  c e n t e r e d  a t  22 km, a re  c l e a r l y  v i s i b l e  i n  t h e  computed r e s u l t s  
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F i g u r e  5.12. T i m e  v a r i a t i o n  of t h e  phase r e l a t i o n s h i p  between ozone mixing 
r a t i o  ( s o l i d  l i n e )  , temperature  (dashed l i n e ) ,  and eddy mer id iona l  
v e l o c i t y  ( s o l i d  and dashed l i n e )  waves dur ing  t h e  middle  
February 1981 warming (052"N). Phase i n c r e a s e s  westward: 
( a )  wavenumber 1, 44 km a l t i t u d e ;  (b) wavenumber 1, 26 km; 
( c )  wavenumber 2,  44 km; (d) wavenumber 2,  26 km. 
4 
% 
and were observed t o  dec rease  dur ing  almost t h e  e n t i r e  d a t a  p e r i o d  o f  t h i s  
s tudy .  With r e s p e c t  t o  t h e  meridional v e l o c i t y  waves, t h e  peak i n t e n s i t y  of 
t h e  wavenumber 1 component occurred a t  an a l t i t u d e  about 37 km on February 
14, 1981. I n  c o n t r a s t ,  t h e  cor responding  wavenumber 2 component e x h i b i t e d  an 
o v e r a l l  d e c l i n e  of  t h e  wave amplitude du r ing  t h i s  middle February 1981 
warming. The a n a l y s i s  o f  t h e  ozone mixing r a t i o  wave d u r i n g  t h i s  per iod  
e x h i b i t s  a d i s t i n c t  development of wavenumber 1 i n  t h e  upper s t r a t o s p h e r e  
c e n t e r e d  a t  44 km wi th  t h e  peak i n t e n s i t y  occur r ing  on February 15, 1981. I n  
t h e  lower s t r a t o s p h e r e ,  t h e  ozone wavenumber 1 was much less a c t i v e  and 
remained r a t h e r  s t e a d y  throughout t he  e n t i r e  per iod  o f  t h i s  middle February 
warming. This  t r e n d  a l s o  seems t o  be  t h e  c a s e  f o r  t h e  wavenumber 2 ozone 
mixing r a t i o  waves. With r e s p e c t  t o  ozone eddy t r a n s p o r t s ,  t h e  r e s u l t s  show 
a l a y e r  wi th  poleward t r a n s p o r t  between approximately 30 km and 40  km. Th i s  
t r a n s p o r t  was found t o  be dec reas ing  du r ing  t h i s  warming pe r iod .  Above 40 
km, ozone was be ing  t r a n s p o r t e d  equatorward w i t h  t h e  peak i n t e n s i t y  o c c u r r i n g  
on February 15 a t  44 km. The r e s u l t s  a l s o  i n d i c a t e  t h a t  t h e  wavenumber 1 
a c t i v i t y  is t h e  dominant component i n  t h i s  ozone t r a n s p o r t .  I n  t h e  c a s e  of 
eddy tempera ture  t r a n s p o r t ,  t h e  r e s u l t s  show l a r g e  poleward f l u x e s  above 
about 30 km. The peak o f  t h e  f l u x e s  occurred on February 14, 1981 a t  
a l t i t u d e  44 km. S imi l a r  t o  the  c a s e  of ozone t r a n s p o r t ,  wavenumber 1 
component i s  found t o  be p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  tempera ture  
t r an s p o r  t . 
Furthermore,  t h e  r e s u l t s  o f  t h i s  warming have a l s o  been compared w i t h  
t h o s e  of  t h e  l a t e  February 1979 warming. For comple teness ,  t h e  synop t i c  
a s p e c t s  o f  t h e  l a r g e  s c a l e  d i s tu rbances  du r ing  t h e  Winter 1980-1981 were 
d i s c u s s e d .  S i m i l a r  d i s c u s s i o n s  on t h a t  of t h e  Winter 1978-1979 were a l s o  
inc luded  f o r  comparison purpose. It  i s  i n t e r e s t i n g  t o  n o t e  t h a t ,  i n  c o n t r a s t  
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t o  t h e  l a t e  February 1979 warming which invo lves  d i s t u r b a n c e s  wi th  an  
o u t s t a n d i n g  wavenumber 2 component, t h i s  middle  February 1979 warming i s  
a s s o c i a t e d  p r i m a r i l y  w i t h  l a r g e  ampl i fy ing  wavenumber I d i s t u r b a n c e s  (F igu res  
5 . 2 ~  and 5 . 3 ~ ) .  Desp i t e  t h i s  d i s t i n c t  d i f f e r e n c e  i n  t h e  p l a n e t a r y  wave 
a c t i v i t i e s  between t h e s e  two warming e v e n t s ,  many common f e a t u r e s  are  c l e a r l y  
e v i d e n t .  F i r s t  o f  a l l ,  t h e  r e s u l t s  show t h a t  t h e  development of ozone 
wavenumber 1 component i n  t h e  upper s t r a t o s p h e r e  was c l o s e l y  a s s o c i a t e d  wi th  
t h a t  o f  corresponding tempera ture  waves. More s p e c i f i c a l l y ,  they  are 
n e g a t i v e l y  c o r r e l a t e d .  This  f e a t u r e  i s  a l s o  n o t i c e a b l e  i n  t h e  case of 
wavenumber 2 component a l though i t  i s  n o t  a s  predominant as  wavenumber 1. 
Furthermore,  in both  warmings, t h e r e  was r a p i d  i n c r e a s e  i n  t h e  
zonally-averaged ozone column abundance. Th i s  i n c r e a s e  was shown t o  be a 
response  t o  the  i n c r e a s e s  o f  t h e  zona l  mean ozone number d e n s i t y  i n  t h e  lower 
s t r a t o s p h e r e  cen te red  a t  a l t i t u d e  20 km. With r e s p e c t  t o  t h e  ozone mixing 
r a t i o  t r a n s p o r t s  a s s o c i a t e d  w i t h  t h e  waves, t h e  r e s u l t s  g e n e r a l l y  show t h e  
equatorward t r a n s p o r t s  i n  t h e  upper s t r a t o s p h e r e  and poleward t r a n s p o r t s  i n  
t h e  middle s t r a t o s p h e r e .  I n  t h e  lower s t r a t o s p h e r e ,  t h e  t r a n s p o r t  i s  much 
less i n t e n s e .  The equatorward ozone t r a n s p o r t  i n  t h e  upper s t r a t o s p h e r e  i s  
found t o  be accompanied by poleward h e a t  t r a n s p o r t  d u r i n g  both warming 
even t s .  A s  t o  t h e  phase r e l a t i o n s h i p  between ozone and tempera ture  waves, 
t h e  computed r e s u l t s  of t h i s  warming event  a l s o  show t h r e e  d i s t i n c t  l a y e r s ,  
i . e .  , a n  out-of-phase r e l a t i o n s h i p  i n  t h e  upper s t r a t o s p h e r e  and an in-phase 
r e l a t i o n s h i p  i n  t h e  lower s t r a t o s p h e r e  wi th  a t r a n s i t i o n  l a y e r  i n  between. 
F i n a l l y ,  i n  c o n t r a s t  t o  t h e  warming case s t u d i e d  by Wang, McCormick and 
Chu ( 1983) , which invo lves  an  o u t s t a n d i n g  wavenumber 2 a c t i v i t y ,  t h i s  
a n a l y s i s  was devoted t o  a warming dominated by wavenumber I development. 
Although t h e  d a t a  p e r i o d  cove r s  on ly  10 days ,  i t  i n c l u d e s  t h e  second h a l f  
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f part of the major midwinter warming according t o  Labitzke and Goretzki 
(1982) .  Furthermore, l i k e  the analysis  o f  Wang, McCormick and Chu (19831, the 
r e s u l t s  of t h i s  inves t iga t ion  can be use fu l  for  modeling the  winter 
c i r c u l a t i o n  i n  the northern high lat i tude  stratosphere and for  s imulating the 
planetary wave development and the ir  transport e f f e c t s .  
6. TASK 5--TO INVESTIGATE THE FORMATION AND EVOLUTION OF AEROSOLS INCLUDING 
THE STUDY OF PHYSICAL AND CHEMICAL PROCESSES 
6 . 1  Post-Volcanic Decay Rates 
6.1.  I I n t r o d u c t i o n  
S t r a t o s p h e r i c  a e r o s o l  concen t r a t ions  are  s t r o n g l y  dependent upon 
v o l c a n i c  i n j e c t  i on  o f  s u l f u r  d iox ide  followed by chemical convers ion  i n t o  
s u l p h a t e  and growth o f  s u l f u r i c  ac id  a e r o s o l s .  T h e o r e t i c a l  s i m u l a t i o n s  and 
expe r imen ta l  measurements o f  ae roso l  o p t i c a l  p r o p e r t i e s  show two d i s t i n c t  
phases  (Deirmendjian 1973; Deepak 1982). There i s  an  i n i t i a l  growth phase 
l a s t i n g  3-6 months, followed by a s lower  quas i -exponent ia l  decay over a 
somewhat l onge r  t i m e  pe r iod .  Comparison o f  t h e o r e t i c a l  models and d i r e c t  
measurements have  s u f f e r e d  i n  t h e  p a s t  from t h e  f a c t  t h a t  t h e  exper imenta l  
o b s e r v a t i o n s  are u s u a l l y  made from a s i n g l e  l o c a t i o n  on t h e  ground o r ,  i f  
from an a i r b o r n e  p l a t fo rm,  are l i m i t e d  t o  a r e l a t i v e l y  s h o r t  t i m e  pe r iod .  I n  
both c a s e s ,  t h e  exper imenta l  r e s u l t s  are  s t r o n g l y  a f f e c t e d  by poor ly  known 
a e r o s o l  movements and may not  r e p r e s e n t  w e l l  t h e  g l o b a l  v a r i a t i o n  i n  
s t r a t o s p h e r i c  a e r o s o l  concen t r a t ion .  
The advent of  t h e  SAM I1 and SAGE s a t e l l i t e  systems w i t h  g l o b a l  
c a p a b i l i t y  f o r  measuring s t r a t o s p h e r i c  a e r o s o l  e x t i n c t i o n  (McCormick e t  a l .  
1979) h a s  enabled a much more a c c u r a t e  p i c t u r e  t o  be ob ta ined  of t h e  a e r o s o l  
mass v a r i a t i o n  fo l lowing  v o l c a n i c  i n j e c t  ion  (Kent 1982; Kent and McCormick 
1984). It i s  t h u s  of  i n t e r e s t  t o  make a more d e t a i l e d  comparison of t h e s e  new 
expe r imen ta l  r e s u l t s  w i th  t h e  p r e d i c t i o n s  o f  t h e  t h e o r e t i c a l  models and t o  
use  t h i s  comparison t o  de te rmine  the p r i n c i p a l  c o n t e n t s  of  t h e  a e r o s o l  growth 
and decay. The approach used i n  t h i s  paper has  been t o  s e a r c h  f o r  a s imple  
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e m p i r i c a l  func t ion  t h a t  p rov ides  a good f i t  t o  an  a v a i l a b l e  t h e o r e t i c a l  model 
(Turco e t  a l .  1982). This  f u n c t i o n ,  c o n t a i n i n g  a d j u s t a b l e  c o n s t a n t s  h a s  t h e n  
been f i t t e d  t o  the  g l o b a l  o p t i c a l  dep th  t i m e  sequence as ob ta ined  from t h e  
SAGE/SAM I1 measurements between February 1979 and November 1981. The use  o f  
a f i t t e d  func t ion ,  r a t h e r  than  an a p p a r e n t l y  s imple r  d i r e c t  measurement from 
t h e  o p t i c a l  depth sequence, is  made necessa ry  by t h e  f a c t  t h a t  f i v e  e r u p t i o n s  
of s i g n i f i c a n c e  occurred  du r ing  t h i s  t i m e  pe r iod  w i t h  ove r l app ing  and 
superimposed s t r a t o s p h e r i c  e f f e c t s .  
6.1.2 Der iva t ion  of e m p i r i c a l  f u n c t i o n  and f i t t i n g  t o  t h e o r e t i c a l  cu rves  
A r e c e n t  t h e o r e t i c a l  s t u d y ,  showing t h e  p r e d i c t e d  long-term v a r i a t i o n  i n  
s t r a t o s p h e r i c  ae roso l  o p t i c a l  depth  fo l lowing  v o l c a n i c  i n j e c t i o n ,  i s  t h a t  o f  
Turco e t  a l . ,  1982. T h i s  s tudy  s i m u l a t e s  t h e  p h y s i c a l  and chemical p r o c e s s e s  
a s s o c i a t e d  wi th  t h e  s t r a t o s p h e r i c  a e r o s o l  fo l lowing  t h e  e r u p t i o n  of  M t .  S t .  
Helens i n  May 1980. The r e s u l t a n t  o p t i c a l  depth  v a r i a t i o n s  ( a t  wavelength of 
0.55 pm) were determined as  a f u n c t i o n  o f  t i m e  a f t e r  t h e  e r u p t i o n  f o r  
d i f f e r e n t  i n j e c t e d  q u a n t i t i e s  of  SO and H 0. These v a r i a t i o n s  are shown by 
t h e  s o l i d  l i n e s  i n  F igu re  6.1. An e m p i r i c a l  a n a l y t i c  f u n c t i o n ,  p rov id ing  a 
good f i t  t o  t h e s e  t h e o r e t i c a l  c u r v e s ,  was searched  f o r  s u b j e c t  t o  t h e  
fo l lowing  c r i t e r i a :  
2 2 
1 .  It should n o t  c o n t a i n  more than  two o r  t h r e e  f l o a t i n g  parameters .  
2. It should f i t  both t h e  r i s i n g  and f a l l i n g  p o r t i o n s  o f  t h e  growth 
curves .  
3 .  It should be s u b j e c t  t o  easy computation and g i v e  unambiguous f i g u r e s  
f o r  the t i m e  between t h e  e r u p t i o n  and t h e  maximum o p t i c a l  depth  and t h e  initid 
rate of decay fo l lowing  t h e  maximum. 
The f u n c t i o n a l  form adopted was 
f ( t )  = A  + B t n e -t/t, 
where 
t - t i m e  a f t e r  t h e  e r u p t i o n  
f ( t )  - o p t i c a l  depth 
A = a c o n s t a n t  (background l e v e l  p r i o r  t o  e r u p t i o n )  
and B ,  n and t are e m p i r i c a l  cons tan ts  t o  be determined from t h e  f i t t i n g .  
0 
Examination of t h i s  equat ion  shows t h a t  t h e  t i m e  between t h e  e r u p t i o n  
and maximum o p t i c a l  depth is given by 
= n t  t m  0 
and t h a t  t h e  maximum o p t i c a l  depth 
n -tm/to f = A + B t  e m m 
The t i m e ,  td,  taken  f o r  t h e  increase  i n  o p t i c a l  depth  t o  decay by a f a c t o r  
I/e from i t s  maximum v a l u e  i s  given by t h e  e q u a t i o n  
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For l a r g e  t ,  t h e  decay becomes quas i -exponent ia l  w i th  t ime c o n s t a n t  t . 
0 
Equation ( 1 )  h a s  been f i t t e d  t o  both  t h e  t h e o r e t i c a l  and exper imenta l  
d a t a  u s i n g  the Levenberg-Marquardt a l g o r i t h m  (Brown and D e n n i s ,  1972) f o r  a 
non- l inear  l e a s t  squa res  approximation, t h e  c a l c u l a t i o n s  be ing  c a r r i e d  o u t  on 
t h e  Con t ro l  Data computer system a t  NASA/LaRC. I n  t h e  case o f  f i t t i n g  t o  t h e  
t h e o r e t i c a l  model, Turco e t  a l . ' s  t h e o r e t i c a l  curves  have been r ead  a t  
0.75-month i n t e r v a l s  from 0 t o  9 months, 1.5-month i n t e r v a l s  from 9 t o  12 
months and 3-month i n t e r v a l s  from 12 t o  27 months. The r e s u l t a n t  c u r v e s  f o r  
t h e  f i t t e d  empi r i ca l  f u n c t i o n  are shown by t h e  dashed l i n e s  i n  F i g u r e  6.1, 
t h e  d e r i v e d  parameters  being l i s t e d  i n  Table  6.1. From i n s p e c t i o n  o f  F igu re  
6.1, i t  can b e  seen  t h a t  t h e  t h e o r e t i c a l  models and t h e  f i t t e d  a n a l y t i c  
f u n c t i o n s  agree  v e r y  w e l l .  Table  6 . I ( b )  shows t h e  d i f f e r e n c e  between t h e  
and td, d e r i v e d  from t h e  f i t t e d  f u n c t i o n s  and t h r e e  main parameters ,  
d i r e c t l y  measured from t h e  t h e o r e t i c a l  cu rves .  With t h e  excep t ion  o f  t h e  
t i m e  d e l a y s  for Model (I), where t h e r e  i s  a three-week e r r o r  i n  t h e  
de te rmina t ion  o f  time o f  maximum, t h e  e r r o r s  are ex t remely  low. Taking i n t o  
c o n s i d e r a t i o n  t h a t  t h e  purpose o f  u s i n g  a n  a n a l y t i c a l  model f u n c t i o n  i s  t o  
d e r i v e  t h e s e  parameters  from expe r imen ta l  d a t a  which i t s e l f  w i l l  c o n t a i n  
cons ide rab le  u n c e r t a i n t i e s ,  t h e s e  d i f f e r e n c e s  are cons ide red  a c c e p t a b l e .  It 
should be not iced  t h a t  t h e  e m p i r i c a l  formula has  been chosen t o  f i t  t h e  f i r s t  
two y e a r s  v a r i a t i o n  a f t e r  an e r u p t i o n  and i s  no t  n e c e s s a r i l y  r e p r e s e n t a t i v e  
of  t h e  behavior over  a longe r  t i m e  pe r iod .  
. 
fm'  t m  
6.1.3 F i t t i n g  t o  exper imenta l  d a t a  
The exper imenta l  d a t a  se t  used i s  t h a t  ob ta ined  by t h e  SAGE and SAM I1 
sa t e l l i t e  systems between February 1979 and November 1981. The d a t a  set h a s  
been used by Kent and McCormick (1984),  t o  d e r i v e  t h e  g l o b a l  mean 
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Figure  6.1. Modeled v a r i a t i o n s  i n  s t r a t o s p h e r i c  a e r o s o l  l a y e r  o p t i c a l  
dep th  (a t  0.55 pm) fo l lowing  v o l c a n i c  e r u p t i o n s  w i t h  d i f f e r e n t  
amounts of i n j e c t e d  material (Turco e t  a l . ,  1982) .  S o l i d  
cu rves  show r e s u l t s  of t h e o r e t i c a l  c a l c u l a t i o n s ,  dashed cu rves  
t h e  f i t t e d  empir ica l  f u n c t i o n s .  
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s t r a t o s p h e r i c  a e r o s o l  o p t i c a l  depth a t  1.0 p m  measured from 2 km above t h e  
t ropopause  f o r  t h e  Northern and Southern Hemispheres over  t h i s  t i m e  pe r iod  
and i s  f u l l y  d e s c r i b e d  by them. Large v a r i a t i o n s  i n  o p t i c a l  depth  were 
observed  which were a t t r i b u t e d  t o  one or t h e  o t h e r  of f i v e  v o l c a n i c  e r u p t i o n s  
which a f f e c t e d  t h e  s t r a t o s p h e r e  d u r i n g  t h i s  pe r iod .  F i g u r e  6.2 shows t h e  
mean g l o b a l  o p t i c a l  depth  as a func t ion  o f  t i m e  and a l s o  shows t h e  times of  
e r u p t i o n  o f  t h e s e  f i v e  s i g n i f i c a n t  e r u p t i o n s .  P r i o r  t o  t h e  f i r s t  e r u p t i o n ,  
t h a t  of S i e r r a  Negra i n  November 1979, t h e  mean g l o b a l  o p t i c a l  dep th  is  
almost c o n s t a n t .  Following each e r u p t i o n ,  t h e  o p t i c a l  depth  i n c r e a s e s  t o  a 
maximum a f t e r  4-5 months, following which a dec rease  i s  observed. The 
e r u p t i o n s  have occurred  s u f f i c i e n t l y  c l o s e  t o g e t h e r  i n  t i m e  t h a t  t h e  
s t r a t o s p h e r i c  e f f e c t s  ove r l ap .  This  i s  p a r t i c u l a r l y  t r u e  f o r  Ala id  and Pagan 
which w e  s h a l l  n o t  be a b l e  t o  s e p a r a t e  a n a l y t i c a l l y  and f o r  S t .  Helens and 
Ulawun which are s e p a r a b l e .  I n  two p l a c e s ,  j u s t  a f t e r  t h e  e r u p t i o n s  o f  S t .  
Helens and Ulawun, double  va lues  are  shown f o r  t h e  o p t i c a l  depth .  One o f  
t h e s e  cor responds  t o  t h e  t o t a l  g l o b a l  average .  The o t h e r  has  been ob ta ined  
by ave rag ing  over  a hemisphere ( ex tend ing  from t h e  North t o  South P o l e s ) ,  
which, because of  t h e  st  ill l o c a l i z e d  n a t u r e  o f  t h e  s t r a t o s p h e r i c  i n j e c t i o n  
from t h e  r e c e n t  e r u p t i o n ,  i s  u n a f f e c t e d  by t h a t  e r u p t i o n .  E r r o r  b a r s  
r e p r e s e n t i n g  t h e  u n c e r t a i n t y  i n  t h e  mean o p t i c a l  depth  are shown i n  t h e  
f i g u r e ;  t h e  s o u r c e s  o f  e r r o r  have been d i scussed  i n  d e t a i l  by Kent and 
McCormick ( I984 1. 
The maximum o p t i c a l  dep th ,  t h e  t i m e  between each v o l c a n i c  e r u p t i o n  and 
t h a t  o f  t h e  cor responding  maximum o p t i c a l  depth  and t h e  decay t i m e  f o r  t h e  
i n j e c t e d  a e r o s o l  h a s  been der ived  f o r  each e r u p t i o n  by f i t t i n g  a func t ion  of 
107 
a 
4 1 4 1  
108 
Ll 
W 
a 
al 
u 
al 
v) 
Ll al 
n 
V 
.I4 
d 
(d 
V 
4 
0 
3 
a 
a 
G 
3 
0 
h 
2 
hl 
'E 8- c. 
z 
0 - 
Y 
an 
I +; 
r 
an 
3 
0 a 
h 
N 
+ I  
b 
W 
Y 
s 
b 
In 
+I 
Y 
m 
W 
+I +I 
an In 
m * 
n 
0'0 
rt 
c 
Y 
In 
+I 
r- 
m 
n 
on0 
m 
Y 
.- 
+I 
03 
m 
3 .- 
Y 
c 
+I 
=f 
N .- 
- n 
0 9  o\o 
W m 
Y Y 
N m 
+ I  +I 
In Q, 
m c - 
n 
0'0 
OD 
N 
Y 
W 
Y - - m 
+I +I 
Q, rt 
m In 
'cl c 
J 
UI 
Y 
U 
tu 
e 
m 
I 
I 
0, a 
Z 
I 
0, 
m 
.- 
v) 
C a 
a 
I 
m 
- 
U 
- 
n 
OQ 
In 
v 
m 
+I 
Q, 
In 
109 
t h e  form 
( t  - t i ) / t o i  i =  5 
i = l  
f ( t )  = A + 1 B i ( t  - ti)ni e - (5)  
t o  t h e  d a t a  po in t s  shown i n  F igure  6 .1 .  I n  t h i s  equa t ion ,  A i s  c o n s t a n t  
r e p r e s e n t i n g  the  p revo lcan ic  background c o n d i t i o n  and t h e  s u f f i x  i refers i n  
sequence t o  each of  t h e  f i v e  v o l c a n i c  e r u p t i o n s .  t i  refers t o  t h e  t i m e  of 
t h e  i t h  e r u p t i o n  and n and toi have t h e  meanings de f ined  e a r l i e r  i n  r e l a t i o n  
t o  t h e  i t h  e rup t ion .  It i s ,  i n  a d d i t i o n ,  assumed t h a t  t h e  c o n t r i b u t i o n  t o  
t h e  t o t a l  o p t i c a l  depth  o f  any volcano ,  p r i o r  t o  i t s  e r u p t i o n ,  i s  zero .  
Because of  t h e  i m p o s s i b i l i t y  o f  s e p a r a t i n g  t h e  e f fec ts  o f  A la id  and Pagan 
w i t h i n  a g l o b a l  average ,  i t  has  been necessary  t o  set  B = B5, n4 = n5 and 
i n  order  t o  s t a b i l i z e  t h e  s o l u t i o n .  Equation 5 t h u s  c o n t a i n s  13 to4 ,= to5 
unknown parameters  r e p r e s e n t i n g  t h e  background and t h e  v a r i o u s  e r u p t i o n s .  
Desp i t e  t h i s ,  a unique s o l u t i o n  w a s  r e a d i l y  ob ta ined  which has  been used t o  
d e r i v e  t h e  peak o p t i c a l  depth  and a p p r o p r i a t e  t i m e  c o n s t a n t s  f o r  each 
e r u p t i o n .  Data f o r  t h e  peak o p t i c a l  dep ths  and t h e i r  use  t o  estimate t h e  
mass load ing  fo r  each  volcano has  been p resen ted  by Kent and McCormick (1984) 
and w i l l  not  be d i scussed  i n  any d e t a i l  he re .  
i 
4 
Although use o f  Equat ion ( 5 )  permi t s  t h e  d e r i v a t i o n  of  a unique set  of 
parameters ,  i t  is not  obvious how t h e  e r r o r s  i n  t h e  v a l u e s  f o r  o p t i c a l  depths  
shown i n  Figure 6 .2  should be used t o  d e r i v e  cor responding  e r r o r s  i n  t h e  
de r ived  parameters .  Th i s  problem w a s  handled by a s t a t i s t i c a l  approach. The 
o p t i c a l  depth  errors were used,  i n  con junc t ion  wi th  a random number 
g e n e r a t o r ,  t o  randomly i n c r e a s e  o r  dec rease  each  measured o p t i c a l  depth  v a l u e  
from i t s  mean va lue  by an  amount equa l  t o  i t s  s t anda rd  e r r o r .  Each set  o f  
new o p t i c a l  depth v a l u e s  t h u s  ob ta ined  was used i n  con junc t ion  w i t h  Equat ion 
I10 
(5) t o  de te rmine  a set  o f  parameters for  each v o l c a n i c  e r u p t i o n .  T h i s  
p r o c e s s  w a s  repea ted  a l a r g e  number of times (approximately two hundred) 
u s i n g  d i f f e r e n t  sets o f  random numbers and t h e  mean and s t a n d a r d  d e v i a t i o n  
found f o r  t h e  t o t a l  se t  of va lues  for each parameter.  These a re  shown i n  
Table  6.2 .  The b e s t  estimate o f  f ( t )  [Equat ion ( 5 )  i s  shown by t h e  s o l i d  l i n e  
i n  F i g u r e  6.2 .1  
The f i t  between t h e  a n a l y t i c  curve  and t h e  exper imenta l  d a t a  shown i n  
F i g u r e  6 . 2  i s  seen  t o  b e  extremely good, t h e  curve  l y i n g  w i t h i n  t h e  l i m i t s  o f  
t h e  e r r o r  b a r s  f o r  most d a t a  points .  This  f i t  i n d i c a t e s  t h a t  t h e r e  i s  a 
close r e l a t i o n s h i p  between t h e  t h e o r e t i c a l  and exper imenta l  r e s u l t s  and t h a t  
both a r e  w e l l  s imula ted  by Equation ( I ) .  I n  n o t i n g  t h i s  f a c t ,  i t  should b e  
remembered t h a t  t h e  t h e o r e t i c a l  o p t i c a l  depth curves  were c a l c u l a t e d  f o r  a 
wavelength of 0.55 p m  whereas the exper imenta l  measurements were made a t  a 
wavelength of 1.0 p. The two a r e  n o t  e q u i v a l e n t  and t h e i r  r e l a t i o n s h i p  
depends on t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  and composition o f  t h e  v o l c a n i c  
a e r o s o l ,  which w i l l  c e r t a i n l y  change d u r i n g  t h e  w n t h s  fol lowing an 
e r u p t i o n .  Thus, even though t h e  a n a l y t i c  forms used f o r  t h e  growth and decay 
curves  are t h e  same, t h e  parameters o f  t h e  curves  might be  expected t o  d i f f e r  
somewhat i n  t h e  t w o  cases .  
Values f o r  t and td i n  Table 6.2 may be  compared wi th  each  o t h e r  and 
a l s o  wi th  t h e  t h e o r e t i c a l  v a l u e s .  i n  Table  6.1.  The e r r o r s  i n  Table 6.2 may be 
compared w i t h  t h o s e  shown i n  Table 6.1. The main conclus ions  t o  be shown a r e :  
m 
1 .  With t h e  except ion  o f  t h e  Ulawun e r u p t i o n ,  whose e f fec ts  are  
d i f f i c u l t  t o  s e p a r a t e  from those o f  S t .  Helens,  e r r o r s  i n  t h e  c a l c u l a t e d  
parameters  are less than about 10%. 
2. The t i m e  between t h e  e rupt ion  o f  each volcano  and i t s  maximum e f f e c t  
on t h e  s t r a t o s p h e r e ,  t i s  between 3-1/2 and 4-1/2 months f o r  a l l  t h e  
e r u p t i o n s  s t u d i e d ,  a g r e e i n g  q u i t e  w e l l  w i t h  t h e  v a l u e s  i n  Table  6 . l ( a ) .  
m 
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3. The I/e decay t i m e ,  shows more v a r i a b i l i t y  and more e r r o r  than  t 
td m 
w i t h  i t s  average v a l u e  be ing  about 6 months. T h i s  i s  somewhat smaller than  
t h e  v a l u e s  i n  Table  6. ] ( a ) .  
4. E r r o r s  i n  f t and t i n  Table  6.2 a r e ,  i n  g e n e r a l ,  somewhat l a r g e r  
than  t h o s e  in .Table 6 . l ( b )  and are,  t h e r e f o r e ,  n o t  g r e a t l y  e f f e c t e d  by t h e  
i n a c c u r a c i e s  i n  t h e  e m p i r i c a l  model. 
m’ m d 
6.1.4 Comparison wi th  o t h e r  o b s e r v a t i o n s  and conclus ions  
Many observa t ions  have been made o f  t h e  remote o p t i c a l  and i n  s i t u  
changes produced i n  t h e  s t r a t o s p h e r e  by v o l c a n i c  e r u p t i o n s .  These 
measurements and t h e  subsequent estimates o f  t h e  a e r o s o l  mass loading  and i t s  
ra te  o f  change s u f f e r  from t h e  d isadvantage  o f  having  only l i m i t e d  sampling 
i n  e i t h e r  space o r  t i m e  o r  both.  T h i s  can e f fec t  v e r y  s t r o n g l y  t h e  observed 
t o  maximum s t r a t o s p h e r i c  change, a s  t h e  maximum e f f e c t  t i m e  d e l a y ,  
observed from a s i n g l e  p o i n t  on t h e  ground may be produced by t h e  p a s s i n g  o f  
tm 
a s i n g l e  i n t e n s e  c loud  o f  m a t e r i a l  which i s  u n r e p r e s e n t a t i v e  o f  t h e  g l o b a l  
d i s t r i b u t i o n .  To a lesser e x t e n t ,  t h e  decay r a t e  i s  a l s o  e f f e c t e d ,  be ing  
s t r o n g l y  dependent upon t h e  c l o s e n e s s  of  t h e  observ ing  p o i n t  t o  any 
s t r a t o s p h e r i c  a e r o s o l  r e s e r v o i r s  and t o  t h e  s e a s o n a l  movements w i t h i n  and 
between t h e  hemispheres.  Data comparisons may t h u s  be regarded as 
semi-quant i ta t ive  r a t h e r  than  e x a c t .  While g e n e r a l  c o n c l u s i o n s  may be drawn 
r e g a r d i n g  the behavior  o f  t h e  s t r a t o s p h e r e  fo l lowing  a n  e r u p t i o n ,  any exact 
s t u d y ,  such a s  d i s t i n g u i s h i n g  t h e  c h a r a c t e r i s t i c s  of one e r u p t i o n  from 
a n o t h e r ,  must b e  regarded  as d i f f i c u l t .  
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Table  6.3 l ists  some of t h e  o b s e r v a t i o n s  made of s t r a t o s p h e r i c  e f f e c t s  
fo l lowing  volcanic  i n j e c t i o n ,  t o g e t h e r  w i t h  e s t i m a t e s  o f  t h e  r e l e v a n t  t i m e  
c o n s t a n t s .  The l i s t  i s  no t  exhaus t ive ,  b u t  i n c l u d e s  both  o b s e r v a t i o n s  made 
on e a r l i e r  e rup t ions  and obse rva t ions  made by o t h e r  workers on t h e  e r u p t i o n s  
d i scussed  i n  t h e  p r e s e n t  paper .  L a t i t u d e s  a t  which t h e  o b s e r v a t i o n s  w e r e  
made, as  w e l l  as t hose  of  t h e  e r u p t i o n s ,  are shown i n  t h e  t a b l e .  I n  g e n e r a l ,  
q u a n t i t a t i v e  terms, t h e  v a l u e s  f o r  t h e  two major t i m e  c o n s t a n t s ,  are  
c o n s i s t e n t  with each o t h e r  and wi th  t h e  v a l u e s  shown i n  Table  6.2.  I n  d e t a i l ,  
t h e  agreement is n o t  good and i l l u s t r a t e s  t h e  comments made above concern ing  
t h e  problems o f  de te rmining  v o l c a n i c  t i m e  c o n s t a n t s  from a s i n g l e  or a small 
number o f  ground obse rva t ion  p o i n t s .  Thus, t h e  low v a l u e s  of 1-1/2 t o  2 
months, observed f o r  t h e  t i m e  de l ay  t o  maximum e f f e c t  a t  some s t a t i o n s ,  are 
almost c e r t a i n l y  due t o  t h e  passage o f  s i n g l e  i n t e n s e  v o l c a n i c  c l o u d s  over  
t hose  s t a t i o n s .  The range  o f  v a l u e s  observed by Hofmann and Rosen (1983, 
1984) f o r  E l  Chichon a r i s e s  from t h e  d i f f e r e n t  h e i g h t  ranges  and d i f f e r e n t  
parameters  measured. T h i s  l i s t  i l l u s t r a t e s  t h e  d i f f i c u l t y  of e x t r a p o l a t i n g  
from l o c a l  t o  g l o b a l  terms. 
The m a i n  conc lus ion  t o  be drawn from t h e  a n a l y s i s  p re sen ted  i n  t h i s  
paper i s  t h a t  i t  is now p o s s i b l e ,  given t h e  g l o b a l  coverage of  s a t e l l i t e s ,  
such a s  SAM I1 and SAGE, t o  e s t a b l i s h  f a i r l y  p r e c i s e l y  t h e  r a t e s  of  change i n  
t h e  s t r a t o s p h e r i c  a e r o s o l  c o n c e n t r a t i o n  fo l lowing  a s i g n i f i c a n t  v o l c a n i c  
e r u p t i o n .  The empi r i ca l  model used h e r e  r e p r e s e n t s  a u s e f u l  technique  f o r  
doing t h i s  p a r t i c u l a r l y  when s e v e r a l  e r u p t i o n s  occur  w i t h i n  a l i m i t e d  t i m e  
frame, such t h a t  t h e i r  atmospheric e f f e c t s  ove r l ap .  
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7. TASK 6--TO INVESTIGATE THE DETERMINATION OF STRATOSPHERIC MOLECULAR AND 
AEROSOL OPTICAL PROPERTIES USING MULTIWAVELENGTH EXTINCTION AND 
BACKSCATTER DATA 
7.1 R e t r i e v a l  o f  Aerosol P r o p e r t i e s  from Aerosol  E x t i n c t i o n  Ra t ios  a t  0.45 pm 
and 1.0 pm ' 
The p o s s i b i l i t y  of  r e t r i e v i n g  t h e  s i z e  d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s  
i n  t h e  s t r a t o s p h e r e  by measuring t h e  e x t i n c t i o n  o f  s o l a r  r a d i a t i o n  t r a v e r s i n g  
t h e  a e r o s o l  medium a t  wavelengths 0.45 pm and 1.0 pm has  been explored  i n  
t h i s  s tudy .  The a e r o s o l  s i z e  d i s t r i b u t i o n s  used c o n s i s t e d  of  n ine  a n a l y t i c a l  
e x p r e s s i o n s ,  i nc lud ing  most s t r a t o s p h e r i c  a e r o s o l  models used by 
inve 's t  i g a t o r s .  The a e r o s o l  compositions used were supercooled  s u l f u r i c  a c i d  
d r o p l e t s ,  w i th  d i f f e r e n t  weight percentage of  H SO i n  t h e  a e r o s o l .  2 4  
I n  each  a e r o s o l  s i z e  express ion  used ,  t h e r e  a r e  two unknowns, namely, 
t h e  c o n s t a n t  N, which determines t h e  number c o n c e n t r a t i o n  of  a e r o s o l  
p a r t i c l e s  and t h e  v a r i a b l e  parameter,  r , which de termines  t h e  mode r a d i u s  o f  
t h e  a e r o s o l  s i z e  d i s t r i b u t i o n .  To e l i m i n a t e  one unknown, w e  c a l c u l a t e d  R,  
t h e  r a t i o  of t h e  volume e x t i n c t i o n  c o e f f i c i e n t  o f  s o l a r  r a d i a t i o n  by a e r o s o l  
p a r t i c l e s  a t  wavelength X = 0.45  pm t o  t h e  volume e x t i n c t i o n  c o e f f i c i e n t  a t  
wavelength = 1.0 pm. R e s u l t s  of t h i s  pa rame t r i c  s t u d y  showed t h a t  R w a s  
n o t  ve ry  s e n s i t i v e  t o  e i t h e r  the composition o r  t h e  r a d i i  l i m i t s  of 
s t r a t o s p h e r i c  a e r o s o l  under c o n s i d e r a t i o n ,  bu t  was q u i t e  s e n s i t i v e  t o  t h e  
v a l u e  o f  t h e  v a r i a b l e  parameter govern ing  t h e  mean r a d i u s .  I n  a d d i t i o n ,  
t h e r e  was a one-to-one correspondence between t h e  e x t i n c t i o n  r a t i o  R and t h e  
v a r i a b l e  parameter i n  a l l  n i n e  ae roso l  s i z e  d i s t r i b u t i o n s .  Consequently,  t h e  
expe r imen ta l  v a l u e  f o r  R could be u t i l i z e d  t o  r e t r i e v e  t h e  v a r i a b l e  parameter 
from t h e  p l o t t e d  curves  generated i n  t h i s  s tudy .  A f t e r  t h e  v a r i a b l e  
g 
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parameter  had been r e t r i e v e d ,  t h e  expected a e r o s o l  e x t i n c t  ion c o e f f i c i e n t  f o r  
N=1 could  be  ca l cu la t ed  us ing  Mie s c a t t e r i n g  theo ry  and t h e  t r u e  va lue  of N 
f o r  a e r o s o l  p a r t i c l e s  i n  t h e  atmosphere was then  g iven  by t h e  r a t i o  o f  t h e  
measured aerosol  e x t i n c t i o n  c o e f f i c i e n t  t o  t h e  expected a e r o s o l  e x t i n c t i o n  
c o e f f i c i e n t  for  N= I .  
Th i s  work h a s  been publ i shed  i n  Applied Op t i c s  (Yue and Deepak, 1983). 
The a b s t r a c t  i s  included i n  Appendix J. 
7.2 Multiwavelength Aerosol  E x t i n c t i o n  Models 
Between 1979 and 1982, t h e r e  were s e v e r a l  vo lcan ic  e r u p t i o n s  t h a t  
i n j e c t e d  ma te r i a l  i n t o  t h e  s t r a t o s p h e r e .  Th i s  s e r i e s  cu lmina ted  i n  t h e  ve ry  
l a r g e  e r u p t i o n  o f  E l  Chichon whose e f f e c t s  a r e  only  now d i sappea r ing  ( i n  
1986). I n  view of  t h e  g r e a t  changes t o  t h e  s t r a t o s p h e r i c  a e r o s o l  l a y e r  t h a t  
were observed du r ing  t h i s  p e r i o d ,  i t  i s  o f  i n t e r e s t  t o  a sk  i n  what manner 
t h e s e  changes have a f f e c t e d  t h e  mult iwavelength e x t i n c t i o n  c h a r a c t e r i s t i c s  of 
t h e  a e r o s o l .  A p re l imina ry  s tudy  was made of t h e s e  changes,  u s ing  t h e  seven 
wavelengths l i s t e d  i n  Table  7. I (SAGE I1 wavelengths)  and t h r e e  s t r a t o s p h e r i c  
models. The  models a r e  as fo l lows:  
MOD 4: A p revo lcan ic  model (based on measurements by Gras and Michael,  
1979) 
MOD 5 :  A pos t  M t .  S t .  Helens model (based on measurements by Hofmann 
and Rosen, 1982) 
MOD 6 :  A pos t  E l  Chichon model (based on measurements by Hofmann and 
Rosen, 1984) 
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TABLE 7.1. Modeled S t r a t o s p h e r i c  Aerosol E x t i n c t i o n .  
,385 
.448 
.453 
.525 
.600 
.940 
1.02 
MOD 4 MOD 5 MOD 6 
.314 x 
,292 x 
.291 x 
.200 x 10-6 
.226 x 
.lo7 x 
.089 x 
6.5 x lo-’’ 
.117 10’ 
EXT. m-’ 
1.95 x 
1.66 x 
1.65 x 
1.43 x 
1.248 x 
.715 x 
.631 x 
5.01 x lo-’’ 
.273 x l o e  
EXT. m-’ 
8.86 x 
8.69 x 
8.71 x 
9.06 x 
9.20 x 
7.82 x 
7.40 x 
4.09 x 
.155 x l o e  
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The r e s u l t s  o f  t h i s  a n a l y s i s  are shown i n  Table  7.1, t o g e t h e r  w i th  t h e  
a e r o s o l  mass d e n s i t y  (N) and p a r t i c l e  c o n c e n t a t i o n  ( n ) .  P o i n t s  t o  n o t e  a r e :  
L 
1 .  The large e f f e c t  on t h e  e x t i n c t i o n  caused  by t h e  v o l c a n i c  e r u p t i o n s ,  
p a r t i c u l a r l y  a t  t h e  longer  wavelengths;  
Recent f l i g h t s  of t h e  NASA S h u t t l e  s p a c e c r a f t  have shown t h a t  t h e  
r e -en t ry  reg ion  between 70 and 100 km a l t i t u d e  i s  one i n  which l a r g e  
molecular  d e n s i t y  f l u c t u a t i o n s  occur (e .g . ,  Price 1983). These f l u c t u a t i o n s ,  
which may be a s  g r e a t  a s  -30% t o  +60% of  t h e  ambient d e n s i t y ,  are probably 
a s s o c i a t e d  w i t h  t h e  passage through t h i s  r eg ion  o f  atmospheric g r a v i t y  
waves. The p o t e n t i a l  v a l u e  o f  be ing  a b l e  t o  s tudy  t h e s e  f l u c t u a t i o n s  from 
t h e  ground has  l e d  t o  an  i n v e s t i g a t i o n  o f  t h e  p o s s i b i l i t y  of upgrading and 
u s i n g  t h e  NASA-LaRC 48" l i d a r  system f o r  t h i s  purpose.  Modeling s t u d i e s  of 
t h e  t h e o r e t i c a l  performance o f  such a n  upgraded sys tem have been c a r r i e d  
o u t .  Some o f  t h e  r e s u l t s  o f  t h i s  modeling a r e  g iven  i n  Tables  7.2, 7.3, and 
7.4 which shuw t h e  expec ted  percentage  u n c e r t a i n t y  i n  t h e  molecular  
b a c k s c a t t e r e d  s i g n a l  from d i f f e r e n t  a l t i t u d e s  f o r  a IO-minute o b s e r v a t i o n a l  
pe r iod .  I n  a l l  t h e  c a s e s  shown h e r e ,  i t  h a s  been assumed t h a t  photon 
coun t ing  techniques  a r e  used and t h a t  t h e  n o i s e  depends only  upon s i g n a l  
f l u c t u a t i o n s  and background l i g h t i n g  c o n d i t i o n s .  Reasonable f i g u r e s  a r e  used 
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2. The s t r o n g  wavelength v a r i a t i o n  i n  e x t i n c t  ion f o r  t h e  p revo lcan ic  
model and t h e  lack of v a r i a t i o n  i n  t h e  p o s t  El Chichon model. 
Both t h e s e  results r e f l e c t  t h e  e f f e c t s  of  t h e  l a r g e r  a e r o s o l s  p r e s e n t  
a f t e r  t h e  e r u p t i o n s ,  p a r t i c u l a r l y  a f t e r  t h a t  of E l  Chichon. 
7.3 High-Altitude L ida r  Modeling 
TABLE 7.2. Theoretical Performance Figures for 48" Lidar 
System--Nightt ime , Interference Filter 
SYSTEM PARAMETERS 
Receiving Mirror Area - 1.00 m 
Full bgle Beam Divergence - 0.200E-03 r 
Wavelength - 0.5300E-06 m 
Overall Efficiency - 0.08 
Pulse Energy - 0.4 J 
Firing Rate - 10 Hz 
Filter Bandwidth - 0.100E-08m 
2 
ATMOSPHERIC PARAMETERS 
Atmospheric Transmission - 0.70 
Sky Brightness - 0.70Ei-00 R.A.-1  
OPERATIONAL PARAMETERS 
Height Increment - 2.0 km 
Integration Time - 600 S 
System Constant - 8.36E+19 
Height Signal 
(km) Count 
65 
70 
75 
80 
85 
90 
95 
100 
105 
110 
4.26 
1.90 
0.815 
0.331 
0.121 
0.0428 
0.0150 
0.0057 
0.0022 
0.0009 
Noise 
Count 
1.85 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
1.85 10-4 
% Uncertainty 
(10 Minutes Integration) 
0.63% 
0.94% 
1.43% 
2.24% 
3.72% 
6.25% 
10.59% 
17.40% 
28.56% 
45.93% 
10 min - 10% Uncertainty Altitude = 94 km 
t 
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TABLE 7.3 .  T h e o r e t i c a l  Performance F igu res  f o r  
48" L ida r  System--Daytime, I n t e r f e r e n c e  
F i l t e r  
SYSTEM PARAMETERS 
Receiving Mi r ro r  Area - 1.00 m 
F u l l  Angle Beam Divergence - 0.200E-03 r 
Wavelength - 0.5300E-06 
Overa l l  E f f i c i e n c y  - 0.08 
Pulse  Energy - 0.4 J 
F i r i n g  Rate  - 10 Hz 
F i l t e r  Bandwidth - 0.100E-08 m 
2 
ATMOSPHERIC PARAMETERS 
Atmospheric Transmission - 0.70 
Sky Br ightness  - 8.0E+6 
OPERATIONAL PARAMETERS 
Height Increment - 2.0 km 
I n t e g r a t i o n  T i m e  - 600 S 
System Constant  - 8.36 E+19 
Height S igna l  
(W Count 
65 4.26 
70 1.90 
75 0.82 
80 0.33 
8 5  
90 
95 
100 
105 
110 
Noise % Uncer t a in ty  
Count (10 Minutes I n t e g r a t i o n )  
2119 
2119 
21 19 
2119 
10 min  - 10% Uncer t a in ty  A l t i t u d e  = 63 km 
13.9% 
31.2% 
72.9% 
179.6% 
TABLE 7.4. Theoretical Performance Figures for 
48" Lidar System--Daytime, Interference 
Filter Plus Fabry-Perot Etalon 
SYSTEM PARAMETERS 
Receiving Mirror Area - 1.00 m 
Full Angle Beam Divergence - 0.200E-03 r 
Wavelength - 0.53003-06 m 
Overall Efficiency - 0.04 
Pulse Energy - 0.4 J 
Firing Rate - 10 Hz 
Filter Bandwidth - 1.OE-11 m (0.1 i) 
2 
ATMOSPHERIC PARAMETERS 
Atmospheric Transmission - 0.70 
Sky Brightness - 8.0E+6 R.A-1 
OPERATIONAL PARAMETERS 
Height Increment - 2.0 km 
Integration Time - 600 S 
System Constant - 4.18E+19 
Height Signal 
(km) Count 
Noise % Uncertainty 
Count (10 Minutes Integration) 
65 2.13 10.66 
70 0.95 10.66 
75 .0.407 10.66 
80 0.166 10.66 
85 0.0603 10.66 
90 
95 
100 
105 
110 
2.17% 
4.83% 
10.55% 
25.67% 
70.13% 
10 min - 10% Uncertainty Altitude - 75 km 
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f o r  angu la r  beanrwidths,  system e f f i c i e n c i e s  and sky b r i g h t n e s s ;  no allowance 
h a s  been made for any pos t -de t ec to r  n o i s e  o r  s i g n a l  l o s s .  
The cond i t ions  assumed i n  t h e  t a b l e s  are: 
Table  7.2. Night-time wi th  10 A i n t e r f e r e n c e  f i l t e r  
Table  7.3. Day-time wi th  10 A i n t e r f e r e n c e  f i l t e r  
Table 7.4. Day-t i m e  wi th  Fabry-Perot E t a l o n  
I n  Table  7.2, t h e  s igna l - to -no i se  r a t i o  i s  determined mainly by s i g n a l  
f l u c t u a t i o n s  and u s e f u l  measurements are o b t a i n a b l e  up t o  about 90 km. In  
Table  7.3, f o r  day-time, t h e  sky b r i g h t n e s s  i s  approximately 10 g r e a t e r  than 7 
a t  n i g h t  and t h i s  s e v e r e l y  l i m i t s  t h e  system performance f o r  a l t i t u d e s  above 
65 km. Table  7.4 shows t h e  improvement t h a t  may be expec ted  i f  a 0.1 A 
Fabry-Perot Eta lon  i s  used i n  con junc t ion  wi th  t h e  i n t e r f e r e n c e  f i l t e r .  
Cons iderable  improvement i n  sys tem performance occur s ;  i t  now be ing  p o s s i b l e  
t o  o b t a i n  u s e f u l  in format ion  up t o  about 75 km. 
R e s u l t s  of f u r t h e r  c a l c u l a t i o n s ,  i n c l u d i n g  modeling frequency doubled 
Nd-YAG, and ruby laser t r a n s m i t t e r s  w i th  d i f f e r e n t  laser ou tpu t  energy l e v e l s  
have been presented  i n  t h e  f i n a l  r e p o r t  t o  NASA, Cont rac t  NAS1-17959 (Kent 
and Wang, 1986). The l a t t e r  r e p o r t  h a s  a l s o  inc luded  an examination o f  t h e  
s c i e n c e  requirements f o r  p o s s i b l e  d e n s i t y  f l u c t u a t i o n  s t u d i e s .  
122 
8. CONCLUSIONS 
A detailed study has been made of the SAM I1 data set from October 1978 
to February 1983 and of the entire SAGE I data set from February 1979 to 
November 1981. The emphasis of this study has been on the validation of these 
data sets by their use in various analyses of the dynamical, physical and 
chemical processes taking place in the stratosphere. Much of the analysis 
has been climatological; this has included studies of the statistics of polar 
stratospheric clouds and of the global scale changes taking place in the 
stratosphere following volcanic injection. Related analyses have included 
the preparation of plots, tables and films showing these climatologies in as 
direct and simple a manner as possible. In the course of this work, various 
anomalies and inconsistencies in the data have been noted, this information 
has eifher been given to NASA to permit updating of successive editions of 
the archived data or has been specifically listed for user application (e.g., 
Table 2-6). 
The SAGE I and SAM I1 data have also been used for the study of 
atmospheric phenomena, such as the changes in aerosol and ozone 
concentrations taking place in the vicinity of the north polar vortex. The 
SAGE I multiwavelength data have been used to investigate changes in the 
aerosol size distribution and the ozone data to study winter-time eddy fluxes 
in relation to planetary wave activity. A s  part of the direct data 
validation program, SAGE I and SAM 11, 1.0 um aerosol data have been 
intercompared wherever the satellite events have occurred close together in 
space and time. 
These studies have shown the quality of the data to be excellent. 
Results of the scientific analyses have been presented at scientific 
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conferences and have been published i n  relevant journals.  The data, now 
archived, w i l l  represent an invaluable information source for many years , t h e  
analyses described i n  t h i s  report representing only a fract ion o f  i t s  
possible  uses .  
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APPENDIX A 
A COMPARATIVE STUDY OF AEROSOL EXTINCTION MEASUREMENTS MADE 
BY THE SAM I1 AND SAGE SATELLITE EXPERIMENTS 
1 Glenn K.  Yue 
I n s t i t u t e  f o r  Atmospheric O p t i c s  and Remote Sensing (IFAORS) 
M. P. McCormick and W. P. Chu 
NASA Langley Research Center  
Abstract 
SAM I1 and SAGE are t w o  s a t e l l i t e  experiments  designed t o  measure 
s t r a t o s p h e r i c  a e r o s o l  e x t i n c t i o n  using t h e  technique  o f  s o l a r  o c c u l t a t i o n  o r  
l imb e x t i n c t i o n .  Although each s e n s o r  i s  mounted aboard a d i f f e r e n t  
s a t e l l i t e ,  t h e r e  a re  o c c a s i o n s  when t h e i r  measurement l o c a t i o n s  a r e  n e a r l y  
c o i n c i d e n t ,  t h e r e b y  p r o v i d i n g  o p p o r t u n i t i e s  f o r  a measurement comparison. I n  
t h i s  p a p e r ,  t h e  aerosol e x t i n c t i o n  p r o f i l e s  and d a i l y  contour  p l o t s  f o r  some 
of t h e s e  e v e n t s  i n  1979 a r e  repor ted .  The comparisons shown i n  t h i s  paper  
demonstrate  t h a t  SAM I1 and SAGE a r e  producing similar a e r o s o l  e x t i n c t i o n  
p r o f i l e s  w i t h i n  t h e i r  measurement e r r o r s  and t h a t  s i n c e  SAM I1 h a s  been 
p r e v i o u s l y  v a l i d a t e d ,  t h e s e  r e s u l t s  show t h e  v a l i d i t y  of  t h e  SAGE a e r o s o l  
measurements. 
(From J. o f  Geophy. Res., 8 9 ,  1984, 5321-5327.) 
---I-p -
P r e s e n t  a f f i l i a t i o n :  NASA Langley Research Center ,  Hampton, V i r g i n i a .  
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APPENDIX B 
POLAR STRATOSPHERIC CLOUD SIGHTINGS BY SAM 11: 1978-1982 
1 
U. 0. Farrukh 
I n s t i t u t e  f o r  Atmospheric O p t i c s  and Remote Sensing,  
Hampton, V i r g i n i a  23666 
Abstract 
S a t e l l i t e  d a t a  sets,  obta ined  by t h e  SAM I1 experiment ,  are  analyzed t o  
s t u d y  t h e  c h a r a c t e r i s t i c s  and d i s t r i b u t i o n  o f  P o l a r  S t r a t o s p h e r i c  Clouds 
(PSC). Mappings and t a b l e s  were made of t h e i r  d i s t r i b u t i o n  and p r o b a b i l i t y  o f  
formation.  A 50% p r o b a b i l i t y  o f  formation was found t o  e x i s t  around a minimum 
s t r a t o s p h e r i c  tempera ture  o f  193°K. The h i g h e s t  p r o b a b i l i t y  of  c loud 
formation was found t o  be close t o  0" l o n g i t u d e .  However, some d i f f e r e n c e s  i n  
c louds  a l t i t u d e  d i s t r i b u t i o n  were found t o  ex is t  between t h e  n o r t h e r n  and 
s o u t h e r n  p o l a r  r e g i o n s .  S a t e l l i t e  o b s e r v a t i o n s  i n s i d e  and o u t s i d e  t h e  
boundaries  of It  was 
p o s s i b l e  t o  conclude t h a t  t h e s e  clouds a r e  formed o n l y  i n s i d e  t h e  p o l a r  j e t  
boundar ies  i n  t h e  n o r t h e r n  hemisphere. I n  g e n e r a l ,  t h e  number o f  PSC e v e n t s  
t h a t  were observed i n  t h e  southern  hemisphere were t h r e e  t o  f o u r  times t h e  
ones observed i n  t h e  n o r t h e r n  one. 
t h e  asymmetric nor thern  p o l a r  n i g h t  j e t  a r e  made d a i l y .  
(From NASA C o n t r a c t o r  Report  177995, March 1986.) 
P r e s e n t  a f f i l i a t i o n :  Hampton U n i v e r s i t y ,  Hampton, V i r g i n i a .  
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APPENDIX C 
CHARACTER1 STICS OF POLAR STRATOSPHERIC CLOUDS 
AS OBSERVED BY SAM 11, SAGE, AND LIDAR 
M. P. McCormick 
NASA Langley Research Center  Hampton, V i r g i n i a  
P a t r i c k  H a m i l l  
Systems and Applied Sc iences  Corpora t ion  Pa lo  A l t o ,  C a l i f o r n i a  
and 
U.  0. Farrukh 
I n s t i t u t e  f o r  Atmospheric O p t i c s  and Remote Sens ing  (IFAORS) 
Hampton, V i r g i n i a  
Abstract 
The d i scove ry  of p o l a r  s t r a t o s p h e r i c  c louds  (PSC's) i n  t h e  Arctic and 
A n t a r c t i c  s t r a t o s p h e r e  d u r i n g  win ter  i s  desc r ibed ,  and t h e  d i r e c t l y  observed 
and impl ied  p r o p e r t i e s  of t h e s e  clouds are  d i scussed .  It i s  proposed t h a t  t h e  
more famil iar  "mother-of-pearl" or "nacreous" c louds  are a s p e c i a l  subse t  of  
PSC's. The s i z e ,  l o c a t i o n ,  prevalence and tempera ture  dependence o f  t h e  
c louds  as  measured by t h e  SAM I1 and SAGE s a t e l l i t e  systems a r e  o u t l i n e d .  
Ai rborne  l i d a r  measurements have r e c e n t l y  demonstrated t h a t  t h e  PSC phenomenon 
i s  most probably a s s o c i a t e d  wi th  an extended s t r a t o s p h e r i c  c loud  bank e x i s t i n g  
w i t h i n  t h e  c o l d  p o l a r  v o r t e x  region d u r i n g  t h e  w i n t e r  pe r iod  wi th  t h e  PSC's 
bounded by a 188 t empera ture  isotherm. The PSC's probably e x i s t  a t  a 50 
pe rcen t  f requency w i t h i n  t h e  193 K isotherm.  Using t h e  observed informat ion  
on t h e  c loud  e x t i n c t i o n  and change i n  l o c a t i o n  wi th  t i m e  w e  c o n s i d e r  p o s s i b l e  
format ion  mechanisms, t h e  s i z e  o f  t h e  c loud  p a r t i c l e s ,  and show t h e  descending 
mot i o n  o f  t h e  c loud  d u r i n g  w i n t e r t  h e .  
(Reproduced from the J o u r n a l  of the Meteo ro log ica l  S o c i e t y  of Japan,  1985, 
63. 267-276.) 
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APPENDIX D 
SPATIAL CHANGES I N  THE STRATOSPHERIC AEROSOL ASSOCIATED WITH THE 
NORTH POLAR VORTEX 
M. P. McCormick 
NASA Langley Research Center 
C. R.  T r e p t e  
SASC Technologies,  Inc . ,  
and 
G. S. Kent 
I n s t i t u t e  f o r  Atmospheric O p t i c s  and Remote Sens ing  (IFAORS) 
Hampt on, V i  r g  i n  i a 
Y Abst rac t  
I n  l a t e  January  and e a r l y  February 1983,  obse rva t ions  made by t h e  
S t r a t o s p h e r i c  Aerosol Measurement (SAM 11)  s a t e l l i t e  system showed t h a t  
a e r o s o l  e x t i n c t i o n  p r o f i l e s  measured w i t h i n  t h e  n o r t h e r n  p o l a r  v o r t e x  d i f f e r e d  
s i g n i f i c a n t l y  above 18 km from those measured o u t s i d e  t h e  vo r t ex .  Values of  
t h e  c a l c u l a t e d  o p t i c a l  dep ths  above 18 km f o r  February 1, 1983,  are lower by 
approximate ly  one o rde r  of magnitude w i t h i n  t h e  p o l a r  v o r t e x  than  t h o s e  
o u t s i d e .  S i m i l a r  d i f f e r e n c e s  were found i n  t h e  a e r o s o l  back- sca t t e r ing  
p r o f i l e s  ob ta ined  us ing  an a i rbo rne  l i d a r  system when c r o s s i n g  t h e  p o l a r  
v o r t e x .  S ince  p o t e n t i a l  v o r t i c i t y  a t  a c o n s t a n t  a l t i t u d e  i s  no t  conserved 
a c r o s s  . t h e  p o l a r  v o r t e x ,  h o r i z o n t a l  a d i a b a t i c  t r a n s p o r t  does n o t  occur .  
(Reproduced from Geophys. Res. L e t t . ,  -- -- - 
Pm5CWIffi PA= 
1983,  94 1-944. 
B W  NOT FKAlfR) 
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APPENDIX E 
VARIATION I N  THE STRATOSPHERIC AEROSOL ASSOCIATED WITH 
THE NORTH CYCLONIC POLAR VORTEX AS MEASURED 
BY THE SAM I1 SATELLITE SENSOR 
G. S. Kent 
I n s t i t u t e  f o r  Atmospheric Optics  and Remote Sensing (IFAORS) 
Hampt on, V i r g i n i a  
C. R.  T r e p t e  
SASC Technologies ,  Inc., Hampton, V i r g i n i a  23666 
U. 0. Farrukh 
Hampton, V i r g i n i a  
I n s t i t u t e  f o r  Atmospheric O p t i c s  and Remote Sensing (IFAORS) 
and 
M. P. McCormick 
NASA Langley Research Center ,  Hampton, V i r g i n i a  
Abstract  -- 
Aerosol  e x t i n c t i o n  d a t a  obtained by t h e  S t r a t o s p h e r i c  Aerosol Measurement 
I1 (SAM 1 1 )  s a t e l l i t e  ins t rument  d u r i n g  t h e  1979/1980 Northern Hemisphere 
w i n t e r  season  have been analyzed i n  r e l a t i o n  t o  t h e  c y c l o n i c  p o l a r  v o r t e x .  A 
Synopt ic  approach has  been employed t o  s t u d y  t h e  behavior  o f  a e r o s o l  
e x t i n c t i o n  r a t i o  and o p t i c a l  depth between a l t i t u d e s  o f  8 and 30 k as a 
t r a c e r  o f  mean atmospheric  motions i n  and near  t h e  p o l a r  vortex. A s  t h e  p o l a r  
vortex i n t e n s i f i e s ,  of e x t i n c t i o n  r a t i o  i s  e s t a b l i s h e d  a c r o s s  t h e  
polar -n ight  je t  stream, which is a s s o c i a t e d  wi th  subs idence  w i t h i n  t h e  v o r t e x .  
Maximum subsidence occurs  a t  t h e  c e n t e r  o f  t h e  v o r t e x .  C a l c u l a t e d  descent  
r a t e s  r e l a t i v e  t o  i s e n t r o p i c  s u r f a c e s  are  o f  t h e  o r d e r  of 8 x s-' near  
20 km, a t  t h e  c e n t e r  o f  t h e  vor tex  between September and December. Below an 
a l t i t u d e  of 14 km, taken  a s  t h e  base of t h e  v o r t e x ,  and o u t s i d e  t h e  v o r t e x ,  
h o r i z o n t a l  movements occur f r e e l y ,  masking any s y s t e m a t i c  v e r t i c a l  motions.  
E x t i n c t i o n  enhancements by p o l a r  s t r a t o s p h e r i c  c l o u d s  and changes produced by 
sudden warmings i n  t h e  second h a l f  o f  w i n t e r  have prevented a similar s t u d y  
for t h i s  p e r i o d .  An e s t i m a t e  of t h e  a e r o s o l  mass t r a n s f e r r e d  downward through 
t h e  base  of t h e  v o r t e x  f o r  t h e  e n t i r e  season is  7000 tonnes.  Comparison of  
t h e  i n f e r r e d  s t r a t o s p h e r i c  motions w i t h  e a r l i e r  s t u d i e s  u s i n g  r a d i o a c t i v e  
tracers show good agreement. 
a g r a d i e n t  
(Reproduced from J. Atmos. *-- S c i . ,  -- 42, 1985, 1536-1551.) 
APPENDIX F 
LATITUDINAL AND ALTITUDINAL VARIATION OF SIZE DISTRIBUTION 
OF STRATOSPHERIC AEROSOLS INFERRED FROM SAGE AEROSOL 
EXTINCTION COEFFICIENT MEASUREMENTS AT TWO WAVELENGTHS 
Glenn K. Yuel and Adarsh Deepak 
I n s t i t u t e  f o r  Atmospheric Optics  and Remote Sensing (IFAORS) 
Hampt on, V i r g i n i a  
Abs t r a q t  
A method o f  r e t r i e v i n g  a e r o s o l  s i z e  d i s t r i b u t i o n  from t h e  measured 
e x t i n c t i o n  o f  s o l a r  r a d i a t i o n  a t  wavelengths 0.45 pm and 1.0 p m  has  r e c e n t l y  
been. proposed. T h i s  method is u t i l i z e d  t o  o b t a i n  l a t i t u d i n a l  and a l t i t u d i n a l  
v a r i a t i o n s  o f  s i z e  d i s t r i b u t i o n s  of s t r a t o s p h e r i c  a e r o s o l s  from t h e  SAGE d a t a  
for  March 1979. Small p a r t i c l e s  a r e  found i n  t h e  lower s t r a t o s p h e r e  o f  t h e  
t r o p i c a l  r e g i o n ,  and l a r g e  p a r t i c l e s  are  found a t  h i g h e r  a l t i t u d e s  and 
l a t i t u d e s  i n  both hemispheres.  Resul t s  o f  t h i s  s tudy  a r e  c o n s i s t e n t  w i t h  t h e  
s u g g e s t i o n  t h a t  t h e  upper t roposphere i n  t r o p i c a l  r e g i o n s  i s  a source  of 
condensa t ion  n u c l e i  i n  t h e  s t r a t o s p h e r e ,  and t h e y  become mature as t h e y  move 
t o  h i g h e r  a l t i t u d e s  and l a t i t u d e s .  
(From Geophys. Res. L e t t . ,  1 1 ,  1984, 999-1002.) -------- -
- 
'Present a f f i l i a t i o n :  NASA Langley Research Center ,  Hampton, V i r g i n i a .  
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APPENDIX G 
SAGE AND SAM I1 MEASUREMENTS OF GLOBAL 
STRATOSPHERIC AEROSOL OPTICAL DEPTH 
AND MASS LOADING 
G. S. Kent 
Sc ience  and Technology Corpora t ion  
Hampton, V i r g i n i a  
and 
M. P.  McCormick 
NASA Langley Research Center  
Hampton, V i r g i n i a  
Abstract 
S e v e r a l  v o l c a n i c  e r u p t i o n s  between November 1979 and A p r i l  1981 have 
i n j e c t e d  m a t e r i a l  i n t o  t h e  s t r a t o s p h e r e .  The SAGE and SAM I1 s a t e l l i t e  
systems have measured, w i th  g loba l  coverage ,  t h e  1-pm e x t i n c t i o n  produced by 
t h i s  material  and examples o f  t h e  da t a  product  a r e  shown i n  t h e  form of g l o b a l  
maps of s t r a t o s p h e r i c  o p t i c a l  depth and a l t i t u d e - l a t i t u d e  p l o t s  of  zonal  mean 
e x t i n c t i o n .  These da t a , and  t h a t  fo r  t h e  v o l c a n i c a l l y  q u i e t  pe r iod  i n  e a r l y  
1979, have been used t o  de te rmine  the  changes i n  t h e  t o t a l  s t r a t o s p h e r i c  mass 
load ing .  Estimates have a l s o  been made of t h e  c o n t r i b u t i o n  t o  t h e  t o t a l  
a e r o s o l  mass from each e r u p t i o n .  It  has  been found t h a t  between e a r l y  1979 
and mid-1981, t h e  t o t a l  s t r a t o s p h e r i c  a e r o s o l  mass inc reased  from a background 
l e v e l  of approximately 570,000 metric t o n s  t o  a peak o f  approximate ly  
1,300,000 metric tons .  
(From - J. - -7 Geophys. Res., 2, 1984, 5303-5314.) 
APPENDIX H 
BEHAVIOR OF ZONAL MEAN AEROSOL EXTINCTION RATIO AND ITS 
RELATIONSHIP WITH ZONAL MEAN TEMPERATURE DURING 
THE WINTER 1978-1979 STRATOSPHERIC WARMING 
Pi-Huan Wang 
I n s t i t u t e  f o r  Atmospheric Optics and Remote Sens ing  (IFAORS) 
Hampt on, V i r g i n i a  
and 
M. P. McCormick 
NASA Langley Research Center  
Hampton, V i r g i n i a  
-. Abs t r a g  
The behavior  of  t h e  zonal  mean e x t i n c t i o n  r a t i o  i n  t h e  lower s t r a t o s p h e r e  
nea r  75 .N  and i t s  r e l a t i o n s h i p  with t h e  zonal  mean tempera ture  d u r i n g  t h e  
January-February 1979 s t r a t o s p h e r i c  sudden warming have been i n v e s t i g a t e d  
based on senso r  SAM I1 ( S t r a t o s p h e r i c  Aerosol Measurement) and 
a u x i l i a r y  me teo ro log ica l  measurements. The r e s u l t s  i n d i c a t e  t h a t  d i s t i n c t  
changes i n  t h e  zona l  mean ae roso l  e x t i n c t i o n  r a t i o  occurred  d u r i n g  t h i s  
s t r a t o s p h e r i c  sudden warming. It i s  also found t h a t  h o r i z o n t a l  eddy t r a n s p o r t  
due t o  may have played a s i g n i f i c a n t  r o l e  i n  de te rmining  t h e  
d i s t r i b u t i o n  o f  t h e  zonal  mean ae roso l  e x t i n c t i o n  r a t i o .  
t h e  s a t e l l i t e  
p l a n e t a r y  waves 
(From J. o f  Geophys. - Res., -- 90, 1985, 2360-2364 . )  
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APPENDIX I 
VARIATIONS I N  STRATOSPHERIC AEROSOL OPTICAL DEPTH DURING 
NORTHERN WARMINGS 
Pi-Huan Wang 
Hampton, V i r  g in  i a  
I n s t i t u t e  f o r  Atmospheric Op t i c s  and Remote Sensing (IFAORS) 
and 
M. P. McCormick 
NASA Langley Research Center 
Hampton, V i r g i n i a  
Ab st r a c  t 
I n  t h i s  paper  t h e  p r o p e r t i e s  of  t h e  s t r a t o s p h e r i c  a e r o s o l  o p t i c a l  depth  
(above 50 mbar) have been s t u d i e d  by u s i n g  a e r o s o l  e x t i n c t i o n  p r o f i l e s  ( a t  I 
p m )  d e r i v e d  from t h e  S t r a t o s p h e r i c  Aerosol Measurement ( S A M  1 1 )  and 
S t r a t o s p h e r i c  Aerosol  and Gas Experiment (SAGE) du r ing  warming p e r i o d s  i n  t h e  
n o r t h e r n  hemisphere. It is shown t h a t ,  d u r i n g  t h e  d i s t u r b e d  pe r iods  i n  
w i n t e r ,  low v a l u e s  o f  a e r o s o l  o p t i c a l  depth  ((0.2 x 10-3) are found w i t h i n  t h e  
low-pressure sys t em(s )  ( a t  t h e  30-mbar p r e s s u r e  s u r f a c e ) ,  wh i l e  h igh  va lues  
a r e  found o u t s i d e .  S i m i l a r  c h a r a c t e r i s t i c s  a r e  found t o  e x i s t  f o r  t h e  
s imul t aneous ly  observed SAGE 0 3  and N O 2  columnar d e n s i t y  d i s t r i b u t i o n s .  
S t rong  l o n g i t u d i n a l  g r a d i e n t s  a r e  shown wi th  t h e  low v a l u e s  w i t h i n  and 
wherever t h e  v o r t e x  e x i s t s .  T h i s  c h a r a c t e r i s t i c s  i s  main ta ined  d u r i n g  and 
a f t e r  t h e  c i rcumpolar  v o r t e x  i s  d i s tu rbed ,  even a f t e r  breakdown, i n d i c a t i n g  an 
i s o l a t i o n  of t h e  m a t e r i a l  w i t h i n  t h e  vo r t ex .  
(From J. Geophys. Res., 90, ----- - 1985, 10,597-10,606.) 
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RETRIEVAL OF STRATSOSPHERIC AEROSOL SIZE DISTRIBUTION FROM 
ATMOSPHERIC EXTINCTION OF SOLAR RADIATION AT 
TWO WAVELENGTHS 
Glenn K. Yue and Adarsh Deepak 
I n s t i t u t e  f o r  Atmospheric Op t i c s  and Remote Sensing (IFAORS) 
Abs t rac t  
The p o s s i b i l i t y  of r e t r i e v i n g  s i z e  d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s  i n  
t h e  s t r a t o s p h e r e  by measuring t h e  e x t i n c t i o n  of  s o l a r  r a d i a t i o n  t r a v e r s i n g  t h e  
a e r o s o l  medium a t  two d i f f e r e n t  wavelengths i s  explored  i n  t h i s  work. T h i s  
paper p r e s e n t s  a pa rame t r i c  study of t h e  e f f e c t s  o f  s i z e  d i s t r i b u t i o n  and 
composition o f  s t r a t o s p h e r i c  a e r o s o l s  on t h e  v a l u e  R ,  t h e  r a t i o  of  e x t i n c t i o n  
of  s o l a r  r a d i a t i o n  a t  wavelength 0 . 4 5  pm t o  t h e  e x t i n c t i o n  a t  wavelength 1.0 
um . The a e r o s o l  s i z e  d i s t r i b u t i o n s  under s tudy  are n i n e  a n a l y t i c a l  
e x p r e s s i o n s  i n c l u d i n g  most s t r a t o s p h e r i c  a e r o s o l  models used by i n v e s t i g a t o r s .  
The a e r o s o l  compositions under s tudy  a r e  t h e  supercooled s u l  fu r i c -ac id  
d r o p l e t s ,  w i th  d i f f e r e n t  weight percentages  of  H2S04 i n  t h e  a e r o s o l .  It is  
found t h a t  R i s  no t  v e r y  s e n s i t i v e  t o  e i t h e r  t h e  composition o r  t h e  r a d i i  
l i m i t s  of s t r a t o s p h e r i c  a e r o s o l s  under c o n s i d e r a t i o n  bu t  i s  q u i t e  s e n s i t i v e  t o  
t h e  v a l u e  of  t h e  v a r i a b l e  parameter governing t h e  mode r a d i u s  o f  t h e  s i z e  
d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s .  Based on t h e  r e s u l t s  of  t h i s  pa rame t r i c  
s tudy ,  a method o f  r e t r i e v i n g  t h e  s i z e  d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s  i n  
t h e  s t r a t o s p h e r e  from t h e  experimental  r e s u l t s  of  t h e  e x t i n c t i o n  of s o l a r  
r a d i a t i o n  a t  two wavelengths i s  proposed. 
(From h p l .  -- Opt. ,  - 2 2 ,  1983, 1639-1645.)  
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